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SUMMARY 


This  was  an  experimental/theoretical  study  of  the  basic  physics  of  radiation  induced 
single-event  phenomena  with  a  view  towards  improving  the  accuracy  of  SEU  rate 
predictions.  It  included  an  analysis  of  SEU  testing  and  the  theoretical  basis  of  the 
algorithms  used  in  calculations.  Experimental  tests  of  the  First-Order  Model  indicate  that, 
to  a  good  approximation,  the  relevant  SEU  parameters  needed  for  accurate  predictions  of 
the  SEU  rate  to  be  expected  in  space  are  the  dimensions  of  the  sensitive  volume,  the 
critical  charge,  and  the  shape  of  the  response  curve,  i.e.,  the  plot  of  the  SEU  cross 
section  versus  the  effective  LET  of  the  incident  ion.  However,  to  apply  the  First-Order 
Model  effectively,  the  correct  values  for  the  dimensions  of  the  sensitive  volume  must  be 
used  along  with  the  corresponding  correct  value  of  the  critical  charge.  Procedures  for 
determining  the  cross  sectional  area  of  the  sensitive  volume  and  its  thickness  using  charge 
collection  were  developed.  When  done  correctly,  not  only  should  the  SEU  tests  carried 
out  with  heavy  ions  be  consistent  with  the  proton  tests,  but  either  data  set,  if  obtained  with 
sufficient  statistics,  can  be  used  to  estimate  the  SEU  parameters.  This  report  details  the 
correct  procedures  to  be  used  and  provides  examples  of  applications. 

The  CUPID  codes  were  tested  by  comparison  of  simulations  with  the  results  of  charge  - 
collection  measurements  as  part  of  this  investigation,  and  they  were  found  to  correctly 
predict  the  energy-deposition  in  a  parallel  array  of  microvolumes,  each  having  dimensions 
typical  of  the  SEU-sensitive  structures  of  CMOS  and  NMOS  devices.  The  codes 
become  useful  for  confirming  the  dimensions  of  the  sensitive  volumes  fi'om  SEU 
measurements  on  working  devices  and  for  estimating  the  correct  value  of  the  critical 
charge.  The  codes  were  modified  to  make  them  user-fiiendly  to  workers  familiar  with,  but 
not  expert  on,  an  IBM  PC  computer. 

The  CUPID  codes  were  also  modified  to  extend  them  to  applications  to  neutron-induced 
SEUs  with  mixed  success.  The  codes  predict  the  distribution  of  energy  depositions  within 
the  sensitive  volume  but  underestimate  the  total  number  of  events  generated  as  a  result  of 
exposure  to  a  given  fluence.  This  may  be  partially  the  result  of  carrying  out  the  tests  at 
neutron  energies  below  those  for  which  CUPID  was  designed. 


CUPID  was  originally  designed  to  explain  and  predict  the  energy  deposition  through 
ionizations  within  microvolumes  which  results  fi'om  the  nearby  spallation  reactions. 
However,  an  important  class  of  radiation-induced  phenomena  is  due  to  the  non-ionizing 
component  of  energy  deposition  by  charged  particles  emerging  fi'om  the  spallation 
reactions.  The  non-ionizing  energy  loss  produces  an  increase  in  the  dark  current  across  the 
depletion  regions  as  a  result  of  displacement  damage.  Spallation  reactions  can  result  in 
such  large  concentrations  of  displacement  damt^e  around  the  end  of  the  trajectory  of  the 
recoiling  nuclear  fragment  that  single  event  non-ionizing  energy  loss  events  become  a 
design  limitation  for  applications  of  CCDs  to  satellite  communications  and  hyperspectral 
imaging.  - 
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SECTION  1 


INTRODUCTION 


11  FORMAT  OF  REPORT 

The  research  carried  out  under  this  contract  has  rented  in  a  number  of  publications  and 
manuscripts  submitted  for  publication.  Where  appropriate,  those  papers  have  been  briefly 
summarized  in  the  text  in  order  to  present  the  material  clearly.  In  other  cases,  the  papers 
describe  details  less  important  to  this  narrative.  All  papers  developed  under  this  contract 
are  included  as  i^)pendices.  Other  papers  are  mentioned  that  describe  work  which 
followed  tangents  that  were  peripher^  to  the  go^s  of  the  project,  such  as  the  biological 
implications  of  the  models  developed  for  microelectronics.  These  are  described  briefly 
and  one  complete  review  manuscript  is  included  as  an  appendix. 

The  text  is  divided  into  two  parts;  one  experimental,  the  other  theoretical.  Each  part 
begins  with  a  description  of  the  basic  measurements  and  models  involved  and  leads  to  the 
implications  for  Single  Event  Upsets  (SEU)  or  other  single  event  phenomena,  and 
includes  recommendations  for  improvements  in  testing  or  predicting  event  rates. 


1.2  OBJECTIVES  OF  STUDY 

The  main  goal  of  the  project  was  to  develop  a  quantitative  understanding  of  how  changes 
in  technology  affect  the  sensitivity  of  the  device  to  single  event  phenomena,  particulariy 
upsets.  Retrograde  doping,  dielectric  isolation,  and  trench  structures  are  examples  of  such 
potentially  important  technologies.  This  analysis  required  ways  to  determine  the 
dimensions  of  the  sensitive  volume  and  the  critical  charge  fi'om  experimental 
measurements.  The  approach  used  was  charge  collection.  A  number  of  papers  describing 
the  charge  collection  techniques  developed  in  this  laboratory  are  incorporated  in  the 
appendices. 

The  CUPID  code  was  to  be  modified  to  include  neutron-induced  spallation  reactions,  was 
to  be  extended  to  calculations  for  GaAs  devices,  was  to  be  made  user-fiiendly  and 
modified  to  run  on  IBM-type  personal  computers.  Documentation  was  to  be  developed 
for  the  CUPED  code  and  the  theoretical  formalism  described.  A  User  Manual  for  CUPID 
was  developed. 

The  code  was  also  to  be  modified  to  handle  non-ionizing  energy  loss  (NIEL)  events.  This 
was  completed  under  the  contract,  and  is  currently  being  applied  to  single  and  multiple 
event  NIEL  events  in  CCDs  under  a  subcontract  fi*om  Kodak. 
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It  was  also  proposed  that  the  problem  of  SEU  problems  in  avionics  be  addressed.  This 
was  one  reason  for  developing  the  ability  to  handle  neutron-induced  upsets.  A  complete 
analysis  of  the  avionics  problem  is  being  prepared  for  an  invited  talk  at  the  American 
Nuclear  Society. 


1.3  BASIC  MECHANISMS. 

The  immediate  cause  of  any  Single  Event  Phenomena  (SEP)  is  either  the  traversal  of  an 
SEU-soisitive  junction  by  an  energ^c  heavy  ion  or  traversals  by  secondary  charged  parti¬ 
cles  emer^ng  from  a  neanhy  spallation  reaction.  Each  charged  particle  traversing  a 
reverse-biased  junction  generates  a  trail  of  ionizations  along  its  trajectory.  These  charges 
are  known  to  form  a  transient  current  through  the  junction  which  in  turn  causes  a 
momentary  drop  in  the  bias  drop  across  it.  The  amount  of  charge  collected  during  the 
pulse,  the  time  profile  of  the  current  across  the  junction,  and  the  cross  section  for  initiating 
the  pulse  are  complicated  functions  of  the  particles  linear  energy  transfer,  its  angle  of 
incidence,  and  the  doping  profiles  on  both  sides  of  the  junction.  There  have  been  a 
conaderable  number  of  investigations  into  the  details  of  charge  collection  because  of  the 
role  it  plays  in  the  onset  of  SEPs  (for  a  review,  see  McNulty,  19%  or  Sexton,  1992).  A 
copy  of  the  first  reference  is  included  in  this  report  as  i^pendh.  A.  The  ^proach 
followed  in  this  study  was  to  use  the  First-Order  Model  as  a  benchmark  and  test  for 
deviations  from  its  predictions. 

The  First-Order  Model  ( 1 )  ignores  the  details  of  the  charge  collection  process  and 
replaces  them  with  ample  parameters  that  characterize  the  device's  senativity  to  Single 
Event  Upsets  (SEU).  The  model  assumes  the  SEU-sensitive  junctions  can  be  represented 
by  a  senative  volume,  the  dimensions  of  which  are  chosen  such  that  the  charge  generated 
within  the  sensitive  volume  equals  the  charge  actually  collected  across  the  junction.  The 
sensitive  volume  is  not  necessarily  an  identifiable  structure  on  the  device,  but  should  be 
considered  as  a  mathematical  artifice  used  for  convenience  in  calculations.  The  model 
aates  that  an  upset  occurs  if^  and  only  if^  more  than  some  threshold  amount  of  energy  is 
deposited  within  the  sensitive  volume.  The  details  of  how  that  energy  is  deposited  and  the 
time  profile  for  the  charge  crossing  the  junction  are  assumed  to  be  irrelevant.  This  is 
essentially  the  same  assumptions  adopted  by  (Binder  et  al.,  1975)  and  (Pickel  and 
Blandford,  1980)  for  cosmic-ray  upsets  and  (McNulty  et  al.,  1980)  for  proton-induced 
upsets. 


14  RELATIONSHIP  TO  SEU. 

The  First-Order  Model  is  the  basis  of  the  CREME  model  of  cosmic-ray  induced  SEUs 
(Adams,  .1983)  and  the  CUPID  model  of  proton-induced  upsets  (McNulty  et  al.,  1981). 
Calculations  using  CREME  and  CUPID  are  straightforward  because  the  only  input 
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parameters  arc  the  dimensions  of  the  sensitive  volume  and  the  critical  charge.  The  shape  of 
the  response  curve  for  the  device  can  be  incorporated  into  the  SEU-rate  predictions 
simply  by  assuming  that  the  device  contains  a  large  number  of  sensitive  volumes  with 
identical  dimensions  but  different  values  of  the  critical  charge.  The  relative  number  having 
each  value  of  the  critical  charge  can  be  obtained  from  the  response  curve.  Predicting 
SEUs  based  on  the  shape  of  the  response  curve  requires  that  the  shape  of  the  curve  be 
accurately  determined.  Unfortunately,  pressures  of  beam  time  and  costs  induce  almost  all 
test  groups  to  make  certain  approximations.  The  first  assumption  is  that  the  charge 
collected  across  the  junction  increases  with  the  secant  of  the  angle  of  incidence;  the 
second  is  that  the  measured  SEU  cross  section  decreases  with  the  angle  of  incidence  as  the 
cosine  decreases  because  the  projected  area  of  the  junction  decreases  with  cosine.  Both  of 
these  assumptions  will  be  shown  in  what  follows  to  be  incorrect  under  some 
circumstances.  The  second  assumption  is  often  incorrect  for  modem  devices.  Predicting 
SEU  rates  accurately  requires  that  systematic  errors  in  the  plot  of  the  response  curve 
characterizing  devices  be  corrected. 


1 . 5  ACCURATE  DETERMINATION  OF  SEU  PARAMETERS 

Two  techniques  were  developed  under  this  contract  for  determining  the  dimensions  of  the 
sensitive  volume.  One  involves  charge  collection  with  heavy  ions  using  an  accelerator  or 
alpha  particles  from  an  Americium  source  under  vacuum.  The  second  method  involves 
simple  SEU  measurements  using  protons  at  a  variety  of  energies  and  angles  of  incidence. 
The  true  test  that  the  dimensions  are  correct  is  that  both  the  heavy-ion  data  and  the  proton 
data  can  be  fit  with  the  same  assumptions  for  the  dimensions  of  the  sensitive  volume 
and  the  critical  charge.  Both  techniques  are  described  below.  Where  both  proton  and 
heavy-ion  testing  were  possible,  the  experience  of  this  laboratory  was  that  the  proton 
value  of  the  critical  charge  had  smaller  error  limits. 


1.6  NEUTRON  STUDIES. 

CUPID  simulations  of  the  charge  collection  in  thin  (2.5  pm)  surface-barrier  detectors 
were  in  excellent  agreement  with  the  energy  spectrum,  but  they  were  not  in  agreement 
with  the  total  number  of  events.  The  simulations  and  the  experiments  were  carried  out  at 
14  MeV  which  is  at  too  low  an  energy  for  accurate  calculations  with  CUPID.  The 
neutron-induced  spallation  reaction  at  that  energy  is  probably  considerably  higher  at  that 
energy  than  the  value  obtained  by  treating  the  target  nucleus  as  a  Fermi  gas  of  free 
nucleons,  as  is  done  in  CUPID.  The  codes  were  used  to  improve  some  models  developed 
by  Boeing  to  treat  neutron-induced  SEUs  in  avionics. 
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1  7  DOCUMENTATION  FOR  CUPID 


Since  we  anticipate  the  use  of  CUPID  for  determining  the  dimensions  of  the  sensitive 
volume  and  the  value  of  the  critical  charge  from  proton  SEU  measurements,  it  was 
important  that  users  have  some  understanding  of  spallation  reactions,  how  they  are 
modeled  in  CUPID,  and  how  to  use  the  codes. 


1 .8  APPLICATION  TO  NEW  PHENOMENA. 

When  this  project  began,  Single-Event  Latchup  (SEL)  was  an  effect  of  concern  for  cosmic 
rays  but  not  for  protons.  The  recoiling  nuclear  fragment  was  not  considered  to  have 
sufficient  recoil  energy  to  generate  enough  electron-hole  pairs  to  turn  on  the  parasitic 
transistor.  The  feature  sizes  of  modem  circuits  are  much  smaller,  however,  and  proton- 
induced  SEL  has  been  observed  both  in  space  and  in  the  laboratory  (Goka  et  al.,  1991; 
Adams  et  al.,  1992).  A  test  of  proton-induced  SEL  against  the  First-Order  Model  showed 
that  agreement  between  the  CUPID  predictions  and  the  test  data  taken  at  different  angles 
of  incidence  were  possible  only  for  specific  value  of  the  thickness  of  the  sensitive 
volume.  This  value  agreed  with  the  thickness  of  the  p-well  obtained  from  reverse 
engineering  the  part.  The  techniques  involved  are  similar  to  those  developed  under  this 
contract  for  proton-induced  SEUs  and  are  described  below. 

The  First  Order  Model  has  been  adopted  by  others  (Bond  et  al.,  1983)  for  triplication  to 
mutations  in  biological  cells.  This  raised  the  question  of  what  the  dimensions  of  the 
sensitive  volume  for  biological  cells  are.  Although  not  directly  funded  for  this  application, 
some  university-supported  effort  using  tools  and  insights  developed  under  this  contract 
was  spent  to  estimate  the  dimensions.  The  similarity  of  models  for  radiation  effects  on 
microelectronics  components  and  biological  cells  led  to  another  university  supported  effort 
to  develop  a  microdosimeter  from  arrays  of  p-n  junctions  made  using  the  techniques  of 
commercial  lithography.  These  microdosimeters  are  described  in  the  text  since  they  take 
advantage  of  the  approaches  developed  under  this  contract. 

The  following  sections  expand  on  the  items  briefly  introduced  in  this  section.  Section  2 
describes  the  experimental  studies.  Section  3  covers  the  theoretical  modeling  and 
simulations,  and  Section  4  describes  the  modifications  to  CUPID  and  the  documentation 
to  the  program. 


SECTION  2 


CHARGE  COLLECTION  -  THE  BASICS 


2.1  INTRODUCTION 

Testily  the  First-Order  Modd  turns  out  to  be  difficult  because  a  rigorous  test  requires 
one  to  specify  the  dimensions  of  the  sensitive  volume.  Because  the  sensitive  volume  does 
not  correspond  to  any  visible  structure  on  the  device,  at  least  one  of  hs  dimoisions, 
usually  the  thickness,  is  not  typically  known  with  any  certainty.  Unfortunately,  the  SEU 
rate  is  particulariy  sensitive  to  the  smallest  dimension  of  the  soisitive  volume  which  is 
usually  the  thickness.  This  is  true  even  when  tl^  value  of  the  critical  charge  is  scaled  with 
the  thickness  so  that  the  two  devices  would  have  the  same  response  curve  for  their  test 
data.  This  is  illustrated  in  Fig.  2. 1  which  is  a  CREME  calculation  of  the  SEU  rates  to  be 
expected  in  deep  space  for  two  sensitive  volun^  having  the  same  lateral  dimensions  and 
different  thicknesses.  In  general,  thicker  sensitive  volumes  are  less  sensitive  to  cosmic- 
ray  upsets  according  to  CREME.  Therefore,  deviations  from  the  measured  SEU  rates  may 
be  explained  by  the  incorrect  value  of  the  thickness  of  the  smsitive  volume  being  used.  As 
mentioned  above,  the  value  of  the  critical  charge  estimated  from  the  response  curve 
depends  on  the  thickness  assumed  for  the  sensitive  volume  because  the  critical  charge  Q 
in  pC  is  obtained  from  the  threshold  LETt||  from; 

Q  =  LETti^(MeV  cm^/mg)  x  p(mg/cm3)  x  /(cm)/  22  MeV/pC 

(2.1) 


where; 

p  =  the  density  of  silicon 

/=  the  thickness  of  the  sensitive  volume 


It  is  essential  to  conduct  any  test  of  the  First-Order  Model  usang  proper  values  of  the 
dimensions  of  the  sensitive  volume  and,  therefore,  the  correct  value  of  the  critical  charge. 
This  required  developing  techniques  for  determining  the  dimensions  experimentally. 
Theoretical  and  experimental  approaches  were  tried.  The  experimental  approach,  charge 
collection,  will  be  discussed  first  in  Section  2.2.  Papers  describing  this  woric  in  some 
detail  are  included  as  Appendices  B  through  D.  Overviews  of  those  pq)ers  follow  the 
lead-in  material  for  Section  2.2. 
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Fig.  2. 1 .  CREME  sunulations  of  the  Errors  per  bit  per  day  for  two  devices  having 

the  same  lateral  dimensions  of  the  sensitive  volume,  different 
thicknesses,  and  the  same  value  of  LETth-  The  cross  section  is  plotted 
versus  the  ratio  of  the  critical  charge  to  the  thickness  of  the  sensitive 
volume  so  that  the  abscissa  value  corresponds  to  the  same  value  of  LET 
for  both  devices. 

Appendix  E  describes  the  pulse-height  system  which  has  been  used  at  Clemson  with  an 
alpha  source  and  a  vacuum  system  designed  for  charge  collection  measurements.  The 
same  electronics  is  used  at  heavy-ion  and  proton  accelerators.  The  theoretical  approach  to 
estimating  the  dimensions  of  the  sensitive  volume  involves  computer  simulations.  It  is 
described  in  detail  in  Appendbc  F  vdiich  is  a  pi^)er  "Modeling  Charge  Collection  and 
Single  Event  Upset  in  Microelectronics."  A  brief  overview  is  included  here  to  help  the 
reader  through  this  material. 

Appendix  E:  R.  A.  Reed,  "Clemson  University  Pulse-Hdght  Analysis  System  —  A 
Guide  for  Beginning  Students  in  Radiation  Ph3racs." 

This  guide  describes  the  methods  for  making  charge  collection  measurements  using  the 
equipment  and  vacuum  systems  in  our  laboratory.  It  is  very  detailed  and  provides 
student  information  for  building  as  weU  as  udng  such  a  system.  The  ion  source  in  this 
case  is  an  Ameridum  source.  The  experiments  are  carried  out  in  a  vacuum  system  ^^ch  is 
also  described.  This  technique  represents  the  cheapest  way  to  estimate  the  dimensions  of 
the  sensitive  volume  and  is,  therefore,  presented  in  some  detail. 
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Appendix  F:  P.  J.  McNulty,  W.G.  Abdel-Kader,  and  J.E.  Lynch,  "Modeling  Charge 
Collection  and  Single  Event  Upsets  in  Microelectronics,"  Nuclear  Instruments  and 
Methods  in  Physics  Research  B61,  52  -  60  (1991). 

This  paper  outlines  a  simple  model  for  determining  the  dimensions  of  the  sensitive  volume 
from  the  process  information  for  the  device.  The  model  is  applied  to  a  DRAM  and  the 
results  are  found  to  be  in  agreement  with  the  charge  collection  measurements  for  that 
device.  This  paper  also  shows  how  to  use  CUPID  simulations  and  the  proton-induced 
SEU  cross  section  to  predict  the  critical  charge.  Applying  the  procedures  at  three  incident 
proton  eneigies  results  in  critical  charges  in  good  agreement. 


2.2  CHARGE  COLLECTION  MEASUREMENTS 

In  this  study  charge  collection  measurements  were  carried  out  with  the  same  test 
equipment  as  is  used  for  measuring  pulse-heights  in  solid  state  nuclear  detectors.  The 
experimental  configuration  used  for  these  measurements  is  shown  in  Fig.  2.2.  Care 
should  be  taken  to  ensure  that  the  time  constants  of  the  preamplifier  correspond  roughly 
to  the  switching  speed  of  the  circuit  elements.  These  measurements  can  be  carried  out  on 
individual  test  structures,  arrays  of  test  structures  in  parallel,  and  between  the  power  pins 
of  functional  devices.  If  the  exposures  are  to  parallel  beams  of  identical  particles  fi*om 
accelerators,  the  peaks  in  the  spectra  provide  information  on  the  various  p-n  structures 
connected  in  the  circuit. 


Fig.  2.2.  Experimental  configuration  used  for  charge  collection  measurements. 
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The  following  section  describes  charge  collection  measurements  on  test  structures. 


Measurements  on  Test  Structures. 

The  pulse-height  spectrum  obtained  from  measurements  on  a  single  test  structure  from 
the  Honeywell  RICMOS  process  is  shown  in  Fig.  2.3.  The  spectrum  is  quite  noisy  which 
is  unu«ial  for  test  structure  measurements.  However,  a  clearly  defined  peak  is  observed 
when  measurements  are  carried  out  during  irradiation.  Two  exposures  were  carried  out; 
one  undor  bias  and  the  other  under  no  bias.  Even  in  the  absence  of  bias  the  peak  is  cleariy 
observed.  This  is  because  the  built-in  bias  across  the  junction  is  sufficient  to  produce  a 
depletion  r^on  of  reasonable  strength.  Applying  bias  shifts  the  peak  about  20%  to 
higher  channel  numbers  corresponding  clos^  to  the  increase  in  the  thickness  of  the 
sensitive  volume  due  to  the  increase  in  the  thickness  of  the  depletion  region.  This  indicates 
that  the  deletion  width  for  this  technology  represents  only  a  small  firaction  of  the 
sen^ve  volume,  and  that  thoe  is  a  significant  diffii»on  component  to  the  charge 
collected.  The  area  of  the  junctions  at  which  the  pulses  originate  can  be  obtained  firom  the 
ratio  of  the  number  of  events  under  the  peak  to  the  fluence  of  incident  particles.  The 
thickness  of  the  sensitive  volume  can  be  obtained  from  the  peak  position  using  range 
energy  tables  or  from  the  slope  of  the  peak  position  versus  the  LET  of  the  incident 
particle.  There  is  clearly  a  broad  spread  of  charge  collection  pulses  resulting  from 
exposure  to  identical  particles  all  arriving  with  the  same  mcident  LET.  This  spread  is 
probably  due  to  the  small  size  of  the  junction  —  each  particle  has  a  unique  position 
relative  to  the  edges  of  the  junction.  As  junctions  decrease  in  dimensions,  the  spread 
should  increase.  The  theoretical  basis  for  charge  collection  and  a  description  of  the 
technique  is  described  in  considerable  detail  in  Appendix  A. 
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Fig.  2.3.  Chaise  collection  spectra  obtained  firom  Honeywell  RICMOS  test 
structures  of  the  drain-substrate  junction  under  bias  and  no  bias. 


The  three  r^ipendices  listed  below  are  pap^  published  under  this  contract.  Brief 
overviews  are  presented  here  to  help  the  reader  through  the  published  material. 

Appendix  B:  W.G.  Abdel-Kader,  S.S.  El-Teleaty,  and  P.J.  McNulty,  "Charge  Collection 
Measurements  and  Theoretical  Calculations  for  Partially  Depleted  Silicon  Devices,"  Nucl. 
Instr.  and  Methods  in  Physics  Research  B56/57.  1246  -  1250  (1991). 

This  paper  applies  the  procedures  for  charge  collection  in  devices  that  are  the  detectors 
for  the  PHA  experiment  on  CRRES.  The  amount  of  charge  collected  at  the  junction  is 
used  to  determine  the  thickness  of  the  sensitive  volume  for  that  juiKtion.  A  simple  analytic 
expression  provides  reasonable  agreement  with  the  charge  collection  measured  with 
alphas.  When  the  dimensions  estimated  from  the  charge  coUection  were  used  in  Monte- 
Cario  simulations  of  charge  generation  in  the  senritive  volume  through  proton  spallation 
reactions,  the  results  were  in  agreement  with  experiment. 
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Appendix  C:  P.  J.  McNulty,  M.H.  Yaktieen,  J.E.  Lynch,  and  W.M.  Weber,  "Charge 
Collection  in  HI2L  Bipolar  Transistors,"  IEEE  Trans.  Nucl.  Sci.  NS-3S.  1613  -  1618 
(1988). 


This  paper  represents  the  first  time  charge  collection  was  used  on  test  structures  in  order 
to  determine  the  dimensions  of  the  saisitive  volume  of  a  device  and  its  corresponding 
value  of  the  critical  charge. 

Appendix  D:  S.S.  El-Teleaty,  P.J.  McNulty,  W.G.  Abdel-Kader,  and  M.  Yaktieen, 
"Charge  Collection  in  Partially  Depleted  GaAs  Test  Structures  Induced  by  Alphas,  Heavy 
Ions,  and  Protons,"  J.  Appl.  Phys.  69,  475  -  480  (1991). 

This  paper  describes  chvge  collection  measurements  on  test  structures  exposed  to  a 
variety  of  radiations,  difiinent  bias  values,  and  two  doping  levels.  The  dimensions  of  the 
sensitive  volume  determined  for  some  Rockwell  GaAs  test  structures  were  used  in 
simulations  of  charge  collection  by  proton-induced  nuclear  reactions  using  the  CUPID 
codes.  Con^rarison  of  the  results  with  experimental  data  yields  agreement. 
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SECTION  3 


MEASUREMENTS  ON  DEVICES:  CHARGE  COLLECTION  SPECTROSCOPY 


INTRODUCTION. 

There  p  )  types  of  pulse-height  analysis  possible  for  devices  exposed  to  radiation.  If 
there  one  type  of  junction,  the  peiiks  in  the  spectra  provide  information  on  the 
radiati  id  which  can  be  quite  complex.  This  is  the  traditional  application  of  silicon 
detector .  The  other  application  is  to  take  a  complex  device  and  expose  it  to  a  uniform 
beam  of  energetic  charged  particles  from  a  radiation  source  or  an  accelerator  and 
interpret  the  peaks  as  coming  from  the  different  junction  types  on  the  device.  This  latter 
approach  applied  to  commercial  devices  is  collectively  referred  to  as  Charge  Collection 
Spectroscopy .  It  ranges  from  simple  spectra  obtained  with  devices  dominated  by  one 
junction  type  such  as  NMOS  SRAMs  to  the  more  complex  spectra  of  CMOS  devices. 
Even  among  CMOS  devices,  the  analyses  vary  in  complexity,  p-well  CMOS  bdng  more 
complicated  than  n-well  CMOS. 

The  techniques  of  charge  collection  spectroscopy  are  described  in  a  series  of  papers 
presented  as  the  following  sections.  A  brief  overview  is  included  here  to  help  the  reader 
through  the  material. 


Appendix  G:  P.J.  McNulty,  D.R.  Roth,  W.J.  Beauvais,  W.G.  Abdel-Kader,  and  D.C. 
E^ge,  "Comparison  of  the  Charge  Collecting  Properties  of  Junctions  and  the  SEU 
Response  of  Microelectronic  Circuits,"  Int.  J.  Radial.  Instr.,  Part  D,  Nucl.  Tracks  Radial. 
Meas.  19,  929  -  938  (1991). 

The  charge-collection  spectrum  for  NMOS  memories  exposed  to  monoenergetic  ions  is 
shown  to  be  dominated  by  a  single  peak.  The  peak  corresponds  to  ion  traversals  of  the 
drain,  SEU  -sensitive  junction  for  the  device.  The  cross  sectional  area  of  the  junction  can 
be  estimated  from  the  number  of  counts  under  the  peak,  and  the  thickness  of  the  sensitive 
volume  can  be  obtained  from  the  peak  position. 


Appendix  H:  P.J.  McNulty,  W. J.  Beauvais,  D.R.  Roth,  J.E.  Lynch,  A.  Knudson,  W.P. 
Stapor,  "Microbeam  Analysis  of  MOS  Circuits,"  in  Radiation:  Effects  on  Components 
and  Systems—  Proceedings  of  the  First  European  Conference  on  Radiation  and  Its  Effects 
on  D^ces  and  Systems.  J.P.  Charles  and  A.  Holmes-Siedle,  Eds.  (IEEE  Piscataway,  NJ, 
1991)  pp.  435  -  439. 

A  RICMOS  CMOS  SRAM  was  exposed  to  energetic  ions.  Two  peaks  were  observed. 
Exposures  through  a  microbeam  show  that  both  peaks  are  the  result  of  ion  traversals  of 
the  different  jrmctions  in  the  memory  cell. 
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Appendix  I:  P  J.  McNulty,  W.J.  Beauvais,  R.A.  Reed,  D.R.  Roth,  E  G.  Stassinopoulos, 
and  G.J.  Brucker,  "Charge  Collection  at  Large  Angles  of  Incidence,"  IEEE  Trans.  Nucl. 
Sci.  NS-39.  1622  -  1629  (1992). 

Charge  collection  by  p-n  junctions  with  at  least  one  small  dimension  in  a  p-well  CMOS 
SRAM  deviates  from  the  geometric  assumptions  common  to  most  SEU  testing;  that  the 
amount  of  charge  collected  increases  with  the  secant  of  the  angle  of  incidence,  that  the 
number  of  events  decreases  as  the  cosine,  and  that  it  does  not  matter  which  axis  the  device 
is  rotated  about  to  increase  the  effective  LET. 

Appendix  J:  P.J.  McNulty,  W.J.  Beauvtus,  and  D.R.  Roth,  "Determination  of  SEU 
Parameters  of  NMOS  and  CMOS  SRAMs,"  IEEE  Trans.  Nucl.  Sci.  NS-38.  1463  -  1470 
(1991). 

Procedures  for  determining  the  SEU  parameters  for  advanced  memory  devices  are 
developed  for  CMOS  and  resistor-loaded  NMOS  SRAMs. 

Appendix  K:  M.H.  Yaktieen,  P.J.  McNulty,  J.E.  Lynch,  D.R.  Roth,  J.F.  Salzman,  and 
J.H.  Yuan,  "Charge  Collection  and  SEU  Sensitivity  for  Ga/As  Bipolar  Devices,"  IEEE 
Trans.  Nucl.  Sci.  NS-36.  2300  -  2304  (1989). 

Charge  collection  was  measured  across  the  base  emitter  heterojunction  to  test  certain 
assumptions  of  the  First-Order  Model.  The  observed  dependence  of  pulse  heights  on  the 
angle  of  incidence  and  the  LET  is  consistent  with  the  hypothesis  that  the  charge  collected 
equals  the  product  of  the  LET  and  the  pathlength  through  a  sensitive  volume  of  fixed 
dimensions.  The  data  suggested  that  the  switch  from  devices  made  from  MBE  to  those 
made  with  MOC  VD  resulted  in  an  increase  in  the  thickness  of  the  sensitive  volume  from 
0. 1 1  to  0.25  microns  with  a  corresponding  increase  in  SEU  sensitivity. 
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SECTION  4 

THE  CUPID  MODEL  AND  APPLICATIONS  TO  SEU 


INTRODUCTION 

Most  potential  users  of  the  CUPID  ^ulation  codes  are  not  familiar  with  the  theory  of 
spallation  reactions  and  may  not  be  comfortable  with  simulation  codes.  At  the  request  of 
the  agency,  we  addressed  this  concon  in  two  ways.  CUPID  was  made  uso*  frioidly  and 
adapted  to  the  common  IBM  form  of  PC.  The  modifications  to  make  CUPID  more  user- 
fiiendly  and  to  improve  its  documoitation  are  described  in  Section  6.  The  problm  of 
making  users  familiar  with  the  basic  mechanisms  of  proton-induced  SEUs  and  the 
theoretical  formalism  upon  vdiich  CUPID  is  based  is  addressed  in  this  section. 

The  theoretical  formalism  is  outlined  in  Appendix  L  which  is  a  review  of  the  theory  of 
spallation  reactions.  It  is  an  invited  paper  for  a  special  issue  of  the  Intomational  Journal  of 
Radiation  Pl^sics  and  Chemistry.  Tliis  paper  illustrates  significant  features  of  the 
^allation  reactions  by  means  of  CUPID  simulations.  The  fiict  that  the  residual  nuclear 
fiagments  tend  to  recoil  in  the  forward  direction  foUowing  the  q[>allation  reaction,  leads  to 
the  great  difference  in  the  SEU  cross  sections  measured  at  normal  and  grazing  angles  of 
incidence  for  devices  with  thick  sensitive  volumes  and  little  difference  in  cross  section  for 
devices  with  very  thin  sensitive  volumes.  This  paper  predicts  that  the  SEU  cross  section 
depends  strongly  on  the  incident  energy,  the  angle  of  incidence,  and  the  smallest 
dimension  of  the  sensitive  volume,  the  thickness  for  bulk  and  epi  devices. 

The  piq)er  in  Appendix  M  ^plies  the  results  of  that  analysis  to  a  particular  device,  the 
AMD  93L422,  to  illustrate  how  this  soishivity  can  be  used  to  determine  the  smallest 
dimension  of  the  sensitive  volume  fi'om  the  energy  and  angular  dependencies  of  the  SEU 
cross  section.  Once  the  dimensions  of  the  senative  volume  are  known,  the  value  of  the 
critical  charge  can  be  easily  obtained  from  the  measured  SEU  cross  section  at  any  incident 
energy.  Comparison  for  five  devices  of  the  values  of  the  critical  charge  obtained  u«ng 
protons  with  the  values  obtained  using  heavy  ions  shows  that  the  proton  values  have 
smaller  margins  of  uncertainty.  Appendix  M  is  a  summary  of  this  work  prepared  for  the 
1993  NSREC  Conference.  Predictions  of  SEU  rates  in  space  should  be  improved  if  the 
proper  SEU  parameters  are  used  in  the  calculations.  This  is  shown  in  Appendbc  N  wdiich 
reports  on  the  comparison  of  theory  and  experimoit  for  the  preliminary  data  available 
fiom  the  first  40(H  orbits  of  the  CRRES  satellite. 

Tlw  importance  of  proton-induced  SEUs  is  Ulustrated  in  Appoidix  O  which  is  a  piq)er 
describing  proton-induced  SEU  in  a  CMOS/SOS  circuit,  'nds  p{q}er  disproved  the 
accepted  wisdom  that  a  device  with  a  measured  threshold  LET  alx)ve  10  MeV  cm^/mg, 
the  maximum  LET  for  the  spallation  recoils,  is  immune  to  proton-induced  SEUs.  It  is  the 
etwrgy  deposited  within  the  sensitive  volume  that  determines  vdietho*  the  device  upsets 
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and  not  the  LET  of  the  charge  crossing  the  junction.  Rare  spallation  reactions  can 
generate  large  energy  depositions.  The  tests  described  a  device  implemented  using 
radiation  hardened  CMOS/SOS  technology.  There  are  now  a  number  of  cases  where  the 
conventional  wisdom  regarding  proton  sensitivity  is  violated.  It  is  important  to  note  that 
CUPID  simulations  carried  out  before  the  CMOS/SOS  tests  indicated  proton  upsets  at  a 
very  low  cross  section,  which  is  what  was  observed. 

Modifications  were  made  in  the  CUPID  model  to  extend  the  calculations  to  GaAs  circuits 
and  to  events  initiated  by  neutron-induced  spallation  reactions.  Some  results  of  these 
efforts  are  included  in  the  papers  which  form  Appendices  P  and  Q.  Since  the  following 
sections  are  papers  submitted  to  or  already  published  in  journals,  a  brief  overview  is 
included  here  to  help  the  reader  through  the  material. 

Appefidix  L:  P.J.  McNulty,  W.G.  Abdel-Kader,  and  G.E.  Farrell,  "Proton-Induced 
Sp^lation  Reactions,"  submitted  as  an  Invited  P^ser  to  SPACE  RADIATION 
ENVIRONMENT  AND  EFFECTS,  a  special  issue  of  the  International  Journal  of 
Radiation  Physics  and  Chemistry,  L.  Adams,  Ed. 

This  paper  describes  the  kinematics  of  the  spallation  reactions,  the  mechanism  behind 
proton-induced  single  event  phenomena.  Computer  simulations  using  CUPID  are  used  to 
illustrate  the  kinematics  of  the  spallation  reaction  and  the  resulting  energy  deposition  in 
micro  volumes  which  have  dimensions  typical  of  the  sensitive  volumes  of  modem  devices. 

Appendix  M:  P.J.  McNulty,  W.J.  Beauvais,  and  W.G.  Abdel  Kader,  "SEU  Parameters 
and  Proton-Induced  Upsets,"  submitted  for  presentation  at  the  1993  Nuclear  and  Space 
Radiation  Effeas  Conference. 

This  paper  illustrates  how  the  SEU  cross  sections  measured  at  various  incident  proton 
energies  and  angles  of  incidence  are  very  sensitive  to  the  thickness  of  the  sensitive 
volume  and  the  critical  charge  required  for  upset.  It  demonstrates  procedures  of 
determining  the  thickness  of  the  sensitive  volume  and  the  critical  charge  from  the 
measured  SEU  cross  sections. 


Appendix  N :  P.J.  McNulty,  W. J.  Beauvais,  W.G.  Abdel-Kader,  E  G.  Mullen,  K.P.  Ray, 
and  S.  El-Teleaty,  "Test  of  SEU  Algorithms  Against  Preliminary  CRRES  Satellite  Data," 
IEEE  Trans.  Nucl.  Sci.  NS-38.  1642  -  1651  (1991). 

This  paper  describes  the  preliminary  results  from  SEU  studies  in  the  Microelectronic 
Package  on  the  CRRES  satellite.  The  orbit  was  highly  elliptical  and  exposed  the  devices  in 
the  experiment  to  both  the  trapped  protons  in  the  inner  radiation  belt  and  the  cosmic  rays 
of  deep  space.  Two  experiments  are  compared  with  predictions  based  on  the  algorithms 
CUPID  and  CREME.  These  were  the  Ratemeter  experiment  which  measured  SEU  rates  in 
DRAMs  and  the  PHA  experimem  which  measured  the  pulse-height  spectrum  from  a  small 
silicon  photodiode.  These  experiments  were  chosen  because  the  dimensions  of  the 
sensitive  volumes  were  well  established  in  both  cases.  The  data  in  the  inner  belts  are  in 
relatively  good  agreement  with  AP-8  combined  with  CUPID  to  simulate  the  spallation 
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reactions.  Differences  between  experiment  and  theory  are  consistent  in  the  two  cases 
suggesting  that  AP-8  underpredicts  the  environment  by  roughly  a  three.  The  deep-space 
data  was  in  good  agreement  with  the  CREME  predictions. 

Appendix  O:  J.C.  Pickel,  B.  Lawton,  A.L.  Friedman,  and  P.J.  McNulty,  "Proton- 
Induced  SEU  in  CMOS/SOS,"  J.  of  Radiat.  Efif.  7,  67  -  76  (1989). 

This  paper  describes  experiments  on  proton-induced  SEUs  in  16K  CMOS/SOS  SRAMs. 
Analytic  predictions  based  on  CUPID  simulations  are  consistent  with  the  experimental 
results.  The  implications  for  SOI  technologies  are  discussed. 


Appendix  P:  T.R.  Weatherford,  E.  Petersen,  W.G.  Abdel-Kader,  P.J.  McNulty,  L.  Tran, 
J.B.  Langworthy,  and  W.J.  Stapor,  "Proton  and  Heavy  Ion  Upsets  in  GaAs  NffiSFET 
Devices,"  IEEE  Trans.  Nucl.  Sci.  NS-38.  1450  -  1456  (1991). 

This  paper  describes  an  NRL  study  on  the  proton  energy  dependence  of  the  SEU  cross 
sections  for  GaAs  MESFETS.  Clemson  supported  the  effort  by  determining  the  thickness 
of  the  sensitive  volumes  usii^  our  charge-collection  techniques  and  equipment.  CUPID 
simulations  were  also  carried  out  to  determine  the  values  of  the  critical  charge  from  SEU 
measurements  to  predict  how  the  cross  sections  would  have  varied  if  the  values  of  the 
critical  charge  given  by  SPICE  had  been  correct. 

Af^ndix  Q:  E.  Normand,  W.J.  St^r,  P.J.  McNulty,  W.G.  Abdel-Kader,  and  M.H. 
Yaktieen,  "Quantitative  Comparison  of  Single  Event  Upsets  Induced  by  Protons  and 
Neutrons,"  IEEE  trans.  Nucl.  Sci.  NS-38.  1457  -  1462  (1991). 

This  paper  examines  the  SEU  susceptibility  of  microchips  to  neutrons  on  both 
experimental  and  theoretical  grounds.  It  involves  a  collaborative  effort  between  Boeing, 
NRL  and  Clemson.  It  represents  a  beginning  analysis  of  one  of  the  k<^  issues  for  SEUs  in 
avionics. 

Appendix  R:  S.  El-Teleaty,  P.J.  McNulty,  W.G.  Abdel-Kader,  and  W.J.  Beauvais,  "Soft 
Fails  in  Microelectronic  Circuits  Due  to  Proton-Induced  Nuclear  Reactions  in  Material 
Surrounding  the  SEU-Sensitive  Volume,"  Nucl.  Instr.  and  Meth.  in  Physic  Res.  B40/41. 
1300-  1305(1989). 

This  paper  describes  the  measurement  of  charge  collection  resulting  from  proton-induced 
spallation  reactions  in  well-defined  sensitive  volumes  with  and  without  material 
surrounding  the  sensitive  volume.  The  results  are  in  agreement  with  the  predictions  of 
the  CUPID  simulation  codes  over  a  range  of  energies  from  37  to  1 54  MeV.  Proton 
spallation  simulations  which  ignore  the  contributions  from  reactions  in  the  surround  can 
seriously  underestimate  the  SEU  rate. 
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SECTION  5 


APPLICATIONS  TO  OTHER  SINGLE-EVENT  PHENOMENA 


INTRODUCTION 

Single-event  phenomena  are  common  to  any  structures  which  have  microscopic 
dinMcnsions  and  i;^ch  store  or  process  information.  This  is  true  for  biological  organisms 
as  well  as  mamnade  circuits.  It  is  very  exciting  to  find  that  the  First-Order  Model  appears 
to  provide  a  reasonable  quantitative  model  for  all  of  the  ones  studied  to  date.  This 
section  describes  applications  of  the  First-Ordo*  Model  and  CUPID  to  Single  Event 
Latchup  (SEL)  and  displacement  damage  resulting  from  spallation  reactions.  The  CUPID 
predictions  show  that  large  Non-Ionizing  Energy  Loss  (NIEL)  depositions  in  a 
microvolume  are  possible  from  spallation  reactions.  These  rare  stochastic  events  can 
happen  at  any  time  during  the  exposure  and  represent  a  potential  design  limit  for  some 
applications  of  CCDs  to  satellite  communications  and  hyperspectral  imaging.  CUPID 
was  modified  under  this  contract  to  handle  NIEL  events.  A  collaborative  effort  with 
Kodak,  the  model  was  extended  to  multiple  events  corresponding  to  long  imense 
exposures.  The  applications  also  included  Kodak  devices  which  were  supported  under  a 
different  contract.  Because  the  basic  changes  in  the  model  were  carried  out  under  this 
contract,  a  report  describing  the  work  ^th  Kodak  is  included  in  Appendbc  S. 

This  report  also  includes  in  Appendix  U  a  description  of  applying  the  same  single  event 
formalism  to  biological  phenomena  including  the  very  important  case  of  mutations.  The 
biological  studies  were  not  supported  by  the  contract,  but  have  obvious  overly.  The 
biological  applications  of  the  First-Order  Model  are  outlined  for  completeness. 

If  biological  mutations  can  be  explained  by  models  resembling  the  First-Order  Modd  and 
they  have  dimensions  common  to  those  of  the  circuit  elements  of  microchips,  then  single- 
evem  phenomena  in  microchips  can  be  used  to  monitor  radiation  hazards  for  biological 
organisms,  namely  mankind.  Microdosimeto^  w^e  developed  using  parallel  arra)rs  of  p-n 
junctions,  some  on  SRAMs.  Again,  this  work  was  carried  out  on  university  funds  and  was 
supported  under  this  contract,  but  ^ce  it  is  an  example  of  applying  models  and  concepts 
developed  for  circuit  elements  under  the  contract,  a  ^oit  description  is  included  in 
Appendix  U  for  completeness.  Moreover,  at  least  one  of  the  figures  used  was  obtained 
for  other  purposes  under  the  comract. 

The  following  appendices  are  manuscripts  pr^ared  for  subiiussion  to  journals  or  for 
conferences.  Brief  overviews  are  presented  here  to  help  the  reader  through  the  material. 
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Appendix  S:  L.  Chen,  P.J.  McNulty,  W.G.  Abdel-Kader,  T.L.  Miller,  and  D.  A. 
Thompson,  ''Single  and  Multiple  Proton-Induced  NIEL  Events  in  Silicon,"  submitted  to 
the  1993  Nuclear  and  Space  Radiation  Effects  Conference. 

EMsplacement  damage  from  exposure  to  protons  has  two  large  components;  the 
cumulative  effects  of  many  small  elastic  nuclear  events,  and  the  rare  large  contributions 
from  spallation  reactions.  Spallation  reactions  can  contribute  large  amounts  of  non¬ 
ionizing  energy  loss  (NIEL)  in  a  small  volume  element.  These  rare  events  pose  a  design 
limitation  for  applications  of  CCDs  to  satellite  communications  and  hyperspectral 
imaging.  CUPID  was  modified  to  handle  NIEL  evmts  and  extended  to  include  multiple 
events  in  an  array.  The  results  are  in  good  agreement  with  previous  experimental  results. 

Appendix  T:  P.J.  McNulty,  W.G.  Abdel-Kader,  W.J.  Beauvais,  L.  Adams,  E.J.  Daly,  and 
R.  Harboe-Sorensen,  "Simple  Model  for  Proton-Induced  Latch-Up,"  submitted  for  the 
1993  Nuclear  and  Space  Radiation  Effects  Conference. 

This  paper  explores  the  possibility  of  explaining  proton-induced  latch-up  by  the  First- 
Order  Model.  Accordin^y,  latch-up  occurs,  if  and  only  if,  more  than  some  threshold 
amount  of  energy  is  deposited  witMn  the  sensitive  volume.  Simulations  were  carried  out 
for  a  number  of  values  of  the  thickness  of  the  sensitive  volume  for  both  normal 
incidence  and  grazing  incidence.  Presumably,  the  correct  thickness  is  the  value  which  best 
fits  the  data  with  the  same  value  of  the  critical  charge.  The  best  fitting  thickness  turns  out 
to  be  the  thickness  of  the  p-well,  the  presumed  sensitive  volume  for  latch-up. 

Appendix  U:  P.J.  McNulty,  D.R.  Roth,  W.J.  Beauvais,  W.G.  Abdel-Kader,  and  E.G. 
Stassinopoulos,  "Microdosimetry  in  Space  Using  Microelectronic  Circuits,"  in  Biological 
Effects  and  Physics  of  Solar  and  Galactic  Cosmic  Radiation.  C.E.  Swenberg,  Ed., 
(Plenum)  to  be  published. 

This  paper  compares  the  SEU  in  microelectronic  circuits  with  similar  phenomena  in 
biological  organisms,  and  the  similarities  and  differences  are  discussed.  Both  types  of 
phenomena  ^pear  to  obey  the  First-Order  Model  at  least  approximately.  This  general 
applicability  of  the  model  appears  to  reflect  the  need  of  each  system  to  operate  despite  the 
noise  inherent  in  the  storage  and  processing  of  information  within  microscopic  volume 
elements. 

Appendix  V:  P.J.  McNulty,  D.R.  Roth,  E.G.  Stassinopoulos,  and  W.J.  Stapor, 
"Characterizing  Complex  Radiation  Environments  Using  MORE  (Monitor  of  Radiation 
Effects),"  in  Proceedings  of  the  Symposium  on  Detector  Research  and  Development  for 
the  Superconducting  Super  Collider.  T.  E>ombeck,  V.  Kelly,  and  G.P.  Yost,  Eds.  (World 
Scientific,  Singapore,  1990)  pp.  690  -  692. 
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SECTION  6 


CUPID  MODIFICATIONS  AND  DOCUMENTATION 


6  1  INTRODUCTION. 

In  the  preceding  sections,  applications  have  been  described  for  the  CUPID  simulation 
codes  which  go  considerably  beyond  its  intended  purpose  which  was  to  test  the  First- 
Order  Model  for  proton-induced  SEUs.  CUPID  has  been  shown  to  be  useful  in 
determining  the  thickness  of  the  sensitive  volume  ami  the  value  of  the  critical  chaise.  It 
has  been  extmded  to  SEL  and  single  event  NIEL.  Moreover,  there  were  reqiwsts  for 
copies  from  other  laboratories.  Unfortunately,  the  original  CUPID  was  developed  in 
eaiher  times  when  the  documentation  of  software  was  not  routinely  done  and  the  codes 
did  not  transfer  easily  from  one  contputer  to  another.  In  order  to  make  CUPID  available 
a  form  easily  used  by  others,  three  changes  had  to  be  made.  The  codes  had  to  be  able  to 
run  on  a  personal  computer  in  order  to  be  truly  portable.  They  had  to  be  made  user- 
friendly  in  the  modem  sense,  i.e.,  menu  driven.  Finally,  the  codes  had  to  be  documented. 
All  three  have  bem  accomplished  under  the  contract.  The  code  is  now  used  by  groups  at 
the  following  laboratories:  Aerospace  Corp.,  the  European  Space  Agency,  IBM,  the 
Naval  Research  Laboratory,  and  copies  are  bong  prepared  for  a  laboratory  at  West  Point 
and  in  Great  Britain. 


6.2  USER-FRIENDLY  VERSION  OF  CUPID  FOR  PCs. 

The  new  version  of  CUPID  runs  the  simulation  code  for  a  sensitive  volume  with 
dimensions  specified  by  the  user  nested  within  an  outer  volume  of  silicon  r^se 
dimensions  are  also  specified.  The  user  also  must  specify  the  energy  of  the  incidem 
protons  and  the  relative  number  of  iterations  to  be  carried  out.  The  output  is  in  the  form  of 
a  plot  of  the  integral  cross  section  versus  the  energy  deposited  in  the  sensitive  volume, 
i.e.,  the  plot  of  the  cross  section  for  depositing  at  least  energy  e  versus  e.  If  the  critical 
charge  is  located  on  the  abscissa  in  energy  units,  the  corresponding  ordinate  coordinate  is 
the  SEU  cross  section.  The  output  is  also  available  in  list  form.  The  details  of  using  the 
program  are  described  in  Appendix  W. 
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PREDICTING  SINGLE  EVENT  PHENOMENA  IN 
NATURAL  SPACE  ENVIRONMENTS 


P.J.  McNulty 
Clemson  University 
Clemson,  SC  29634-1911 

ABSTRACT 


Modern  microelectronics  are  known  to  be  subject  to  a  variety  of 
single-event  phenomena,  the  most  quantitatively  understood  being 
the  single-event  upset.  Circuits  upset  because  they  consist  of  a  skill¬ 
fully  arranged  array  of  p-n  junctions,  and  when  ionizing  particles  tra¬ 
verse  reverse-biased  p-n  junctions,  they  cause  sudden  swings  in  the 
bias  across  the  junction.  These  pulses  are  large  enough  that  particle 
detectors  are  also  made  of  p-n  junctions.  Many  of  our  circuits  on  cur¬ 
rent  spacecraft  are  detecting  cosmic  rays  and  trapped  protons  with 
unfortunate  consequences.  The  physics  of  particle  detectors  b  applied 
to  typical  microelectronic  junctions  to  elucidate  the  basic  mechanisms 
behind  the  current  models  for  predicting  SEU  rates.  Procedures  for 
predicting  upset  rates  in  space  from  accelerator  test  data  are  described 
and  the  potential  accuracy  of  these  algorithms  discussed. 
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1.  INTRODUCTION 


1.1  Background 

The  advent  of  large-scale  integration  (LSI)  in  semiconductor  elec¬ 
tronics  was  based  on  industry’s  ability  to  produce  memory  and  logic 
elements  with  microscopic  dimensions.  Increasing  the  number  of  tran¬ 
sistors  on  a  chip  as  technology  passed  through  VLSI  was  accomplished 
by  shrinking  still  further  the  dimensions  of  the  circuit’s  memory  ele¬ 
ments.  As  their  dimensions  became  microscopic  the  circuit  elements 
became  sensitive  to  ionizing  radiation  in  an  entirely  new  way.  It  was 
discovered  that  circuits  incorporating  these  micro-elements  could  have 
their  electrical  state,  and  hence  their  logic  state,  altered  as  a  result  of 
a  single  interaction  with  an  energetic  cosmic-ray  particle  (1).  Logic 
states  become  more  sensitive  as  their  dimensions  decrease  because 
smaller  differences  in  charge  storage  on  the  junctions  separate  the  two 
different  logic  states  of  the  element.  The  energy  difference  required 
to  switch  states  also  depends  on  the  bias  and  the  speed  at  which  the 
device  is  to  be  switched.  The  product  of  the  number  of  gates  and 
the  clocking  frequency  is  defined  to  be  the  functional  throughput  rate 
(FTR).  Petersen  and  Marshall  (2)  point  out  that,  as  the  FTR  of  com¬ 
mercial  devices  increases,  the  energy  of  the  individual  gates  must  be 
decreased  in  order  to  limit  the  power  dissipation.  This  is  illustrated 
in  Fig.  1  for  past  and  near  future  trends  in  commercial  devices.  The 
information  stored  in  modern  devices  is  represented  by  such  small 
amounts  of  energy  that  the  information  can  often  be  changed  by  the 
passage  of  a  cosmic-ray  particle  or,  in  some  instances,  an  alpha  par¬ 
ticle. 
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Fig.  1  Trends  in  microelectronic  switching  energy  as  FTRs  increase. 


Fig.  2  Cosmic  ray  nucleus  in  nuclear  emulsion. 
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Fig.  3  Nuclear  reaction  in  nuclear  emulsion. 

The  generation  of  large  amounts  of  charge  at  critical  locations  on 
the  die  of  a  chip  can  alter  the  electrical,  and  hence  the  logic  state,  of 
the  local  element.  Concentrations  of  charge  are  generated  along  the 
trajectories  of  cosmic-ray  ions  and  at  the  locations  of  spallation  reac¬ 
tions.  Figure  2  shows  the  trajectory  of  a  heavily  ionizing  cosmic-ray 
ion  through  nuclear  photographic  emulsion  which  was  flown  in  space 
and  subsequently  developed.  The  cosmic-ray  particle  is  probably  a 
member  of  the  iron  group  and  comes  to  rest  at  the  lower  left  comer 
of  the  figure.  Traversal  of  certain  junctions  on  a  circuit  by  such  a 
particle  would  be  sufficient  to  induce  changes  in  the  electrical  state 
in  any  circuit  element  except  those  specifically  hardened  against  such 
changes.  Figure  3  shows  a  similar  “photo”  of  a  cosmic-ray  induced 
spallation  reaction  where  the  target  nucleus  is  either  a  silver  or  a 
bromine  nucleus.  Nuclear  reactions  such  as  this  have  also  been  shown 
to  upset  circuit  elements  (3,4).  The  largest  concentration  of  charge 
is  generated  along  the  trajectory  of  the  recoiling  nuclear  fragment  (5). 


1.2  Single  Event  Effects 

Such  densely  ionizing  events  are  far  apart  in  both  space  and  time 
and,  as  a  consequence,  any  effects  in  the  natural  radiation  environ¬ 
ments  of  space  must  be  due  to  a  single  such  event,  hence  the  names 
single-event  effects  or  single-event  phenomena.  Single-event  effects 
(SEE)  can  be  characterized  as  either  hard  or  soft  according  to  whether 
or  not  there  is  permanent  damage.  The  soft  error  or  single-event  up¬ 
set  (SEU)  involves  a  change  in  the  information  stored  on  the  device 
with  no  significant  damage  to  the  circuit  element.  Examples  of  hard 
errors,  listed  in  Fig.  4,  include  elements  which  can  no  longer  change 
states  (frozen  bits),  latchup,  snapback,  direct  burnout  of  circuit  ele¬ 
ments  in  power  MOSFETS,  and  displacement  damage  events  which 
generate  noise  (6). 


TYPES  OP  HARD  ERRORS 

•  Burnout  of  power  MOSFETS 

•  Gate  rupture 

•  Latchup  resulting  in  high  current 

•  Frozen  bits 

•  Noise  source  in  CCDs 

•  Snapback 


Fig.  4  Types  of  hard  errors. 

1.2.1  Latchup 

The  characteristics  of  latchup  are  outlined  in  Fig.  5,  and  they  are 
described  in  more  detail  in  Ref.  (7).  Latchup  requires  that  a  path 
of  ionization  be  connected  across  an  array  of  at  least  three  junctions 
connecting  four  regions  of  alternating  doping  (p  and  n).  This  require¬ 
ment  is  most  often  satisfied  in  CMOS  circuits.  Both  p-n-p  and  n-p-n 
parasitic  bipolar  transistors  are  inherent  in  the  bulk  CMOS  archi¬ 
tecture.  If  the  base  region  of  one  transistor  is  the  same  material  as 
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the  collector  of  the  other,  these  bipolars  combine  to  form  a  p-n-p-n- 
type  silicon-controlled  rectifier,  or  SCR,  in  parallel  with  the  CMOS 
inverter.  When  the  CMOS  IC  operates  normally,  the  p-n-p-n  stays 
“off”,  i.e.,  in  a  high  impedance  state.  However,  the  traversal  of  the 
base  region  of  either  bipolar  transistor  by  a  high  LET  particle  can 
result  in  a  sufficient  number  of  minority  carriers  being  injected  into 
the  base  of  the  parasitic  bipolars  to  put  the  p-n-p-n  structure  into  its 
low  impedance  state,  thereby  latching  the  cell  (8-10). 


CHARACTERISTICS  OF  SINGLE 
EVENT  LATCHUP 

•  CMOS  circuits 

•  Turn  on  of  SCR  transitor 

•  Requires  P-N-P-N  paths 

•  Threshold  LET  similar  to  SEU 


Fig.  5  Characteristics  of  single-event  latchup. 

1.2.2  Snapback 

Another  SEE  which  results  in  a  high  current  mode  state  is  called 
snapback  (10).  While  qualitatively  similar  to  latchup  in  terminal 
behavior,  snapback  does  not  require  the  the  p-n-p-n  structure.  It 
has  been  observed  in  discrete  n-channel  uevices.  It  is  initiated  by 
charges  generated  in  the  p-well  surrounding  n-channel  FETs.  A  drain 
avalanche  current  is  induced  and  muntained  by  minority  carriers  from 
the  source.  The  source  to  drain  voltage  necessary  to  sustain  snapback 
is  well  below  the  avalanche  voltage  of  the  device. 
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1.2.3  Burnout 

Single-event  burnout  has  been  observed  in  MNOS  programmable 
memories  (11)  and  MOSFET  power  transistors  (12).  These  phenom¬ 
ena  have  been  studied  in  the  laboratory  but  have  yet  to  be  reported  as 
occurring  in  space.  In  both  cases,  the  heavy  ion  creates  a  permanent 
low  resistance  path  between  the  gate  and  the  substrate  when  it  passes 
through  junctions  with  high  voltage  present.  The  LET  and  the  elec¬ 
tric  field  have  to  exceed  some  minimum  value  for  burnout  to  occur. 
Burnout  of  power  MOSFETs  is  characterized  in  Fig.  6  and  described 
in  detail  in  Ref.  (12).  The  direct  catastrophic  effects  of  hard  errors 
in  the  devices  themselves  can  often  be  avoided  by  changing  the  chio 
design  to  reduce  the  probability  of  turning  on  parasitic  transistors,  by 
modifying  circuits  to  limit  the  currents  flowing  into  the  chip,  and  by 
permanent  fault  maps  by  which  the  computer  avoids  damaged  mem¬ 
ory  locations. 


BURNOUT  OF  POWER  MOSFETS 


•  Two  targets 

•Junctions 

•Oxide 

•  Junction  more  sensitive 

•  Results  in  burnout  of  junction 

•  N  channel  more  sensitive  than  P  channel 


Fig.  6  Burnout  of  power  MOSFETs. 
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1.2.4  Single  Event  Upset 

Even  if  the  circuit  is  not  damaged  or  permanently  altered,  there  can 
still  be  an  alteration  in  the  stored  information  resulting  in  a  change  in 
the  system’s  instructions.  See  Fig.  7.  The  change  can  occur  as  a  result 
of  a  bit  upset,  i.e.,  a  change  in  the  information  stored  at  some  register 
or  memory  location.  A  second  source  of  soft  error  is  the  generation 
of  a  transient  signal  which  then  poses  as  a  bit  of  new  information. 
This  in  turn  becomes  stored  somewhere  or  is  acted  upon  by  the  sys¬ 
tem.  Distortions  in  the  instructions  can  cause  systems  to  malfunction 
in  a  number  of  ways,  including  the  turning  on  and  off  of  rockets  or 
other  critical  systems.  The  results  can,  in  some  cases,  be  catastrophic. 


TYPES  OF  SOFT  ERRORS 


•  OIT  t.PSETS  IN  MEMORY  CELLS  OR  REGISTERS 

•  TRANSIENT  signals  IN  LOGIC  OR  SUPPORT 
(TRCITTRY 


Fig.  7  Types  of  soft  errors. 

Most  studies  of  SEUs  have  involved  memories  and  register  arrays. 
Since  the  gates  of  logic  circuits  can  also  be  switched  from  one  elec¬ 
trical  state  to  the  other,  they  are  also  susceptible  to  SEUs.  Logic 
circuits  pose  a  problem  in  analysis,  however.  The  change  in  the  elec¬ 
trical  state  of  a  single  gate  can  propagate  errors  through  a  chain  of 
gates  without  the  error  being  apparent  from  the  outside.  This  was 
illustrated  by  Tim  May  (13)  in  a  series  of  electron  microscope  pho¬ 
tographs  (Fig.  8)  which  show  the  propagation  of  errors  through  the 
Intel  80186  microprocessor.  The  voltage  levels  and,  therefore,  logic 
states  of  the  gates  of  the  microprocessor  are  represented  as  light  and 
dark  areas  on  the  photographs.  The  fault-free  micrograph  of  the  de¬ 
vice  is  shown  in  the  first  image  of  the  top  row.  The  next  image  shows 
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the  same  micrograph  with  a  single  fault  introduced.  No  difference  is 
noticeable.  The  third  image  in  the  top  row  is  the  difference  between 
the  first  two,  i.e.,  the  lighted  points  representing  those  pixels  which 
appear  in  one  image  but  not  the  other.  The  light  spot  in  image  3  rep¬ 
resents  the  gate  location  with  different  states  in  the  first  two  images, 
thus  showing  the  location  of  the  original  error.  A  single  lighted  point 
can  barely  be  discriminated  from  photographic  reproducing  noise  in 
the  figure. 
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Fig.  8  Fault  propagation  in  Intel  806186  microprocessor.  Light  and 
dark  areas  represent  different  voltage  states  on  the  first  two  SEM 
photographs.  The  first  represents  a  fault-free  state  and  the  second 
the  same  state  with  a  single  error  introduced.  Remaining  images  are 
the  difference  between  the  fault-free  state  and  the  faulty  state  after 
the  same  number  of  machine  cycles. 
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The  microprocessor  then  operated  normally  and  micrographs  were 
taken  after  each  machine  cycle.  Each  numbered  image  in  Fig.  8  rep¬ 
resents  the  difference  between  the  fault  image  and  the  fault-free  image 
after  the  same  number  of  machine  cycles.  Light  points  then  represent 
errors  or  differences  in  logic  states  between  the  fault  and  fault-free 
versions  at  that  machine  cycle.  The  error  points  spread  over  the  im¬ 
ages,  contract,  then  spread  again  in  complicated  patterns.  It  takes  a 
large  number  of  machine  cycles,  in  this  case  about  100,  for  any  of  the 
errors  to  h  a  bondpad.  Only  after  an  error  reaches  a  bondpad  is 
the  prob  observable  to  the  world  outside  of  the  chip. 

The  detection  and  correction  of  errors  on  microprocessors  are  ob¬ 
viously  very  difficult  and,  as  a  result,  they  are  more  serious  than 
memory  upsets.  They  are  also  much  more  difficult  and  expensive  to 
analyze  than  memory  upsets.  Newberry  points  out  that  there  are  at 
least  three  different  types  of  errors  possible  in  logic  chips  including  the 
bit  upset,  the  lost  data  word,  and  the  lost  data  path  (14).  The  lost 
data  path  can  be  particularly  serious  since  sometimes  the  device  must 
be  powered  down  and  then  restarted  from  initial  conditions  before  it 
will  work  properly  again  (15). 

1.3  Vulnerability  of  Satellites 

Present  demand  by  system  designers  for  electronic  components 
which  are  faster,  have  higher  density,  and  use  less  power  results  in 
the  use  of  circuits  with  increased  sensitivity  to  single-event  effects. 
The  SEU  is  the  most  common  and  troublesome  of  the  SEEs  observed 
by  satellite  operations.  It  is  also  the  best  studied.  As  a  result,  they 
are  the  most  understood  quantitatively.  SEUs  will  be  emphasized  in 
discussions  of  the  ability  to  predict  SEE  phenomena  because  any  con¬ 
clusions  regarding  predictive  ability  will  almost  certainly  apply  also 
to  hard  errors. 

A  broad  range  of  existing  satellites  have  experienced  SEUs.  De¬ 
tailed  discussion  of  the  impact  on  all  the  different  programs  is  beyond 
the  scope  of  this  tutorial.  However,  the  three  programs  listed  in  Fig. 
9  illustrate  the  different  types  of  impact  single-event  phenomena  can 
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have  on  a  satellite  program.  The  first  generation  TDRS  satellites 
were  designed  without  concern  for  SEEs  and  had,  as  a  consequence, 
a  number  of  SEU-sensitive  bit  locations  which  are  critical  to  satellite 
operations.  When  one  of  these  bits  is  upset  by  a  cosmic  ray  or  a 
proton-induced  spallation  reaction,  the  satellite  sometimes  responds 
inappropriately  for  its  mission,  requiring  ground-based  intervention. 
Upsets  requiring  intervention  were  frequent  enough  to  require  extra 
personnel  on  standby  in  order  to  prevent  the  satellite’s  breaking  com¬ 
munication,  leading  to  mission  failure. 


IMPACT  OF  SEU  ON  SOME  RECENT  SATELLITE 

SYSTEMS 


•  REQUIRES  RETROFIT  BEFORE  LAUNCH 

(GALILEO) 

•  REQUIRES  FREQUENT  GROUND-BASED 

INTERVENTION  (TDRS) 

•  INTERFERES  WITH  PERFORMANCE 

(HUBBLE  SPACE  TELESCOPE) 


Fig.  9  Examples  of  SEU  impacts  on  satellites. 

The  system  designers  for  Galileo  based  designs  of  critical  satellite 
systems  around  components  which  were  later  found  to  be  SEU  sensi¬ 
tive.  The  problem  was  discovered  well  before  launch,  but  replacing  a 
few  devices  without  impacting  other  systems  on  the  satellite  required 
changes  which  cost  over  $15M  and  resulted  in  considerable  delay  in 
the  launch.  The  recently  launched  Hubble  Space  Telescope  includes 
SEUs  among  its  problems.  There  is  cause  for  concern  that  the  rate 
of  SEUs  is  sufficiently  high  that  despite  frequent  ground-based  inter¬ 
vention  there  may  be  performance  interference. 
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1.4  SEU  Sensitive  Structures 

Reverse-biased  junctions  are  essential  components  of  both  micro¬ 
electronic  circuits  and  particle  detectors.  Both  silicon  and  GaAs  cir¬ 
cuits  have  been  shown  to  be  sensitive  to  SEUs  as  summarized  in  Fig. 
10.  A  wide  range  of  particle  types  can  generate  the  large  local  concen¬ 
trations  of  charge  necessary  to  effect  at  least  some  circuits  (Fig.  11). 
SEUs  have  been  shown  to  be  induced  by  uncharged  particles  such  as 
energetic  neutrons  (3,17,18)  ^<1  high-energy  gamma  rays  (17),  but 
only  traversals  of  certain  reverse-biased  junctions  by  heavy  ions  and 
proton-induced  nuclear  reactions,  at  or  near  the  junction,  are  believed 
to  contribute  significantly  in  space  (Fig.  12).  Heavy-ion  traversals 
should  dominate  for  circuits  flying  in  deep  space.  In  low-earth  orbits, 
spallation  reactions  between  trapped  protons  and  the  silicon  nuclei 
of  the  crystal  will  dominate  for  all  but  the  least  sensitive  devices. 
Browning  et  al  (19)  has  suggested  that  proton-induced  fission  of  fis¬ 
sionable  contaminants  in  the  materials  making  up  the  device  may  lead 
to  proton-induced  upsets  and  hard  errors  in  even  the  most  SEU  in¬ 
sensitive  devices  flown  in  space. 


CIRCUIT  TYPES  EFFECTED  BY  SEU  PHENOMENA 


SILICON: 

-CMOS 

-DRAM 

.BIPOLAR 

-NMOS 


GALLIUM  ARSENIDE: 

-JFET 

-MESFET 

.Hia 


Fig.  10  Types  of  circuits  subject  to  soft  errors. 
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TYPES  OP  RADIATION  KNOWN  TO  INDUCE  SEU* 


HEAVY  IONS 
PROTONS 
NEUTRONS 
GAMMAS 

IMPORTANT  IN  SPACE 

HEAVY  IONS 
PROTONS 


Fig.  11  Types  of  radiation  known  to  induce  SEUs. 
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Fig.  12  Important  mechanisms  for  SEUs  in  space,  a)  Heavy  ion 
traversal  of  a  reverse-biased  junction,  b)  Spallation  reaction  at  or 
near  the  junction. 


Reducing  the  size  of  the  junctions  makes  them  harder  to  hit,  but, 
as  mentioned  above,  it  also  makes  them  more  sensitive  to  upsets.  The 
amount  of  charge  which  must  be  collected  across  the  junction  to  up¬ 
set  the  circuit  element  is  called  the  critical  charge.  It  is  related  to 
the  switching  energy.  For  unhardened  devices,  the  critical  charge  has 
been  shown  by  Petersen  (2)  to  decrease  as  the  feature  size  is  reduced. 
Figure  13  illustrates  this  dependence  on  the  feature  size  characterizing 
the  technology  for  various  device  types.  Presumably  smaller  feature 
sizes  are  accompanied  by  smaller,  lower-capacitance  junctions.  The 
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lower  the  capacitance  the  smaller  the  difference  between  the  values 
of  stored  charge  representing  the  two  electrical  states  of  the  element. 
Devices  can  be  hardened  against  SEUs  either  by  reducing  the  amount 
of  charge  that  will  be  collected  across  the  junction  or  by  increasing 
the  amount  of  charge  necessary  to  upset  the  element.  A  discussion  of 
hardening  is  beyond  the  scope  of  this  tutorial.  The  reader  is  refered 
to  recent  reviews  edited  by  Kerns  and  Shafer  (16). 


SEU  cfirncAL  charge  m.  feature  size 


Fig.  13  Dependence  of  the  critical  charge  on  feature  size. 
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While  the  SEU  will  be  the  example  used  in  discussions,  it  is  hoped 
that  the  procedures  outlined  for  predicting  SEUs  will  eventually  be 
applicable,  at  least  in  part,  to  other  single-event  phenomena.  Figure 
14  outlines  the  information  needed  to  accurately  predict  SEU  rates  in 
space.  Of  course,  the  relevant  components  of  the  radiation  environ¬ 
ment  must  be  known.  In  deep  space  this  means  the  charge  and  energy 
spectra  of  the  cosmic  rays.  In  low-earth  orbits  concern  is  primarily 
with  the  protons  trapped  in  the  radiation  belts.  These  are  discussed 
in  the  earlier  article  by  E.G.  Stassinopoulos.  The  analysis  of  predict¬ 
ing  SEU  rates  begins  with  a  discussion  of  the  collection  of  charge  by 
the  SEU-sensitive  junctions. 


NEEDED  TO  CALCULATE  SEU  RATES 

•  CHARGE.  .MASS.  .AND  E.VERGY  Of  PARTICLES 

•  DIMC.NSIO.NS  OF  SENSITIVE  .MICROVOLUMES 

•  DETAILS  OF  THE  CHARGE  GENERATION  AND  COUECTION 

•  RESPONSE  OF  THE  CIRCUIT 


Fig.  14  Information  needed  to  predict  SEU  rates  in  space  accurately. 
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2.  REVERSE-BIASED  JUNCTIONS 

The  reverse- biased  junction  formed  at  the  interface  between  re¬ 
gions  of  a  silicon  crystal  which  have  different  doping  characteristics  is 
the  basis  for  both  the  diode  action  required  for  the  operation  of  the 
transistors  forming  modern  microelectronic  circuits  and  the  particle 
detection  characteristics  which  lead  to  SEUs.  A  depletion  region  con¬ 
sisting  of  layers  of  positive  and  negative  charge  appears  on  opposite 
sides  of  a  junction,  as  shown  in  Fig.  15.  The  depletion  region  grows 
larger  when  the  junction  is  reversed-biased,  becoming  smaller  in  the 
absence  of  external  bias,  and  thinning  down  to  the  point  of  disap¬ 
pearance  as  the  device  is  forward  biased.  See  the  lower  portion  of 
Fig.  15.  The  charges  in  the  layers  making  up  the  depletion  region  are 
fixed  to  the  donor  and  acceptor  atoms  on  either  side  of  the  junction 
and  consequently,  the  thickness  of  the  depletion  region  depends  on 
the  doping  levels  on  both  sides.  The  higher  the  doping  density,  the 
thinner  the  depletion  region  is  on  that  side  of  the  junction.  Strong 
electric  fields  connect  the  charges  on  either  side  with  the  direction  of 
the  field  lines  oriented  perpendicular  to  the  junction.  In  the  absence 
of  external  disturbances,  the  electric  field  does  not  extend  beyond  the 
depletion  region.  Charges  generated  as  electron-hole  pairs  within  the 
depletion  region  or  individual  charges  wandering  into  the  depletion 
region  are  accelerated  under  the  force  of  the  field  with  electrons  and 
holes  attracted  to  opposite  sides.  This  flow  of  current  across  the  junc¬ 
tion  results  in  a  measurable  decrease  in  the  voltage  difference  across 
the  junction.  This  voltage  swing  due  to  charge  collected  across  an 
n-p  junction  is  the  basis  of  the  operation  of  solid-state  silicon  and 
germanium  particle  detectors  as  well  as  the  mechanism  for  SEUs  in 
microelectronic  circuits. 
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Fig.  15  Schematic  of  a  reverse-biased  junction. 

2.1  Particle  Detectors 

The  easiest  example  of  charge  collection  to  analyse  quantitatively 
is  the  case  of  the  fully  depleted  surface-barrier  detector.  A  photo  of 
a  silicon  surface-  barrier  detector  consisting  of  a  biased  p-n  junction 
with  metallic  surface  electrodes  along  with  a  schematic  of  its  cross 
section  is  shown  in  Fig.  16.  The  circuitry  necessary  to  measure  and 
record  the  amount  of  charge  collected  as  a  result  of  the  junction  being 
traversed  by  a  charged  particle  is  outlined  in  Fig.  17.  If  the  detec¬ 
tor  is  fully  biased,  the  depletion  region  fills  almost  the  entire  volume 
of  the  silicon,  and  all  the  electrons  and  holes  are  accelerated  under 
electric  fields  toward  their  respective  terminals  by  the  electric  field. 
The  resulting  pulse  of  voltage  versus  time  seen  on  the  oscilloscope 
has  the  narrow  shape  characteristic  of  fully  depleted  detectors.  The 
measured  shape  of  these  fast  pulses  typically  reflects  the  impedance 
characteristics  of  the  device  and  the  measuring  circuits  as  well  as  the 
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Fig.  17  Circuit  used  for  pube-height  analysis. 

Figure  18a  shows  a  typical  pube-height  spectrum  obtained  when 
the  detector  in  Fig.  16  b  irradiated  with  identical  monoenergetic 
heavy  ions.  Charge  collection  b  plotted  on  the  abscissa  in  the  units 
of  energy  deposition  typically  used  in  radiation  physics.  The  equivi- 
lency  between  charge  collected  and  energy  deposited  b  based  on  the 
fact  that,  for  most  particles,  the  number  of  electron-hole  pairs  gen¬ 
erated  along  the  path  of  an  ionizing  particle  b  proportional  to  the 
energy  deposited  along  the  trajectory.  The  average  energy  deposited 
per  ion  pair  generated  b  3.6  eV  for  silicon  and  4.8  eV  for  GaAs  with 
the  result  that  1  pC  of  each  charge  sign  b  generated  when  22.5  MeV 
of  energy  b  deposited  in  silicon,  and  1  pC  in  GaAs  requires  an  average 
deposition  of  30  MeV. 
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UNITS  OF  CHARGE  COLLECTION 

pC  -  IE*  12  Coulombs 

MeV  -  lE+6  Electron  volts 

CONVERSIONS 

IpC  =  22.5  MeV  (Si) 

IpC  =  30  MeV  (GaAs) 


(*)  (b) 

Fig.  18  a)  PHA  spectrum  for  a  fully  depleted  detector  exposed  to  4.8 
MeV  alphas  at  room  temperature,  b)  Units  of  charge  collection. 

2.1.1  Dimensions  of  the  Sensitive  Volume 

The  spectrum  in  Fig.  18a  can  be  used  to  confirm  the  area  of  the 
sensitive  volume  of  the  detector.  The  sensitive  volume  is  defined  to  be 
that  region  of  the  silicon  within  which  the  charges  generated  by  the 
traversing  particles  are  efficiently  collected  at  the  junction.  For  the 
surface>barrier  detector,  the  sensitive  volume  is  virtually  the  entire 
slab  of  silicon.  Only  the  charge  generated  within  the  ultrathin  dead 
layers  formed  under  the  electrodes  by  the  highly  doped  regions  of  the 
ohmic  contacts  is  not  collected.  The  ratio  of  the  number  of  events 
under  the  peak  to  the  fluence  of  incident  particles  equals  the  area  of 
the  active  or  sensitive  volume  of  the  detector. 

The  charge  collected  across  a  junction  traversed  by  a  charged  par> 
tide  depends  on  the  amount  of  charge  generated  along  the  particle’s 
trajectory.  These  ion;.ations  occur  as  a  result  of  collisions  between  the 
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incident  particle  and  the  atomic  electrons  of  the  medium  and  other 
collisions  between  the  secondary  electrons  and  atomic  electrons.  As 
a  result  of  the  proportionality  between  the  numbers  of  electron-bole 
pairs  generated  and  the  total  energy  lost  in  all  collisions  with  the 
atomic  electrons  that  exist  for  most  particles,  the  linear  energy  trans¬ 
fer  (LET)  represents  both  the  energy  deposited  in  the  medium  per 
unit  pathlength  and  the  number  of  pairs  generated  per  unit  path- 
length.  There  are,  as  a  result,  a  number  of  equivalent  representations 
or  units  for  the  LET.  These  are  summarized  in  Fig.  19.  A  related 
concept  which  is  often  useful  in  characterizing  the  SEU  sensitivity  of 
a  device  is  the  “Effective  LET”  which  is  defined  in  Fig.  20.  If  the 
position  of  the  peak  of  the  pulse-height  spectra  obtained  with  the  de¬ 
tector  and  experimental  setup,  shown  in  Figs.  16  and  17,  is  plotted 
versus  the  Effective  LET  of  the  incident  particle,  a  linear  curve  that 
passes  through  the  origin  should  be  obtained  in  a  well  calibrated  sys¬ 
tem,  as  illustrated  in  Fig.  21.  A  linear  system  means  that  the  charge 
collected  is  proportional  to  the  Effective  LET.  The  slope  of  the  curve 
is  the  product  of  the  density  of  silicon  (2.32  g/cm^)  and  the  thickness 
of  the  sensitive  volume  of  the  detector.  Therefore,  for  fully  depleted 
detectors  at  least,  there  are  ways  of  experimentally  determining  the 
dimensions  of  the  active  or  sensitive  volume  of  the  silicon. 


EQUIVALENT  REPRESENTATIONS  OF 
LET 


BEPKESENTATION  L-NITS 

Stoppiuf  power  M«V  em’/mg 

Energy  depoelted  per  unit  length  Mev/um 
Charge  generated  per  unit  length  pC/nm 
Electron-hole  palm  per  unit  length  («>ni)'' 


Fig.  19  Equivalent  representations  of  LET. 
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EFFECTIVE  LET 


LETp»|rp  ~  LET  SEC  0 


Equivalent  to  the  LET  times  the 
pathlength  divided  by  the  thickness. 


Fig.  20  Definition  of  effective  LET  for  a  thin  detector. 


LET 


Fig  21.  Charge  collection  versus  LET  for  thin  fully>depleted  silicon 
surface  barrier  detectors  exposed  to  energetic  heavy  ions. 


A-26 


Surface  l>arrier  detectors  vith  thicknesses  greater  than  the  range 
of  the  monoenergetic  heavy  ions  being  used  in  studies  of  charge  col¬ 
lection  can  be  used  to  calibrate  measuring  systems  since  the  energy 
deposited  in  the  sensitive  volume  is  well  defined  in  that  case.  One 
advantage  of  working  with  thin  fully  depleted  detectors  is  that  mod¬ 
els  of  energy  deposition  by  different  radiations  can  be  tested  in  well 
defined  sensitive  volumes.  Examples  are  shown  in  Fig.  22  where  the 
measured  integral  energy-deposition  spectra  are  compared  with  the 
results  of  the  CUPID  simulation  codes  (5,21).  The  spectra  are  plots 
of  the  number  of  events  in  which  at  least  some  energy  E  is  deposited 
versus  E.  This  format  for  displaying  is  useful  for  data  analysis  be¬ 
cause,  according  to  the  sensitive- volume  approach,  a  circuit  element 
upsets  when  more  than  a  critical  charge  is  deposited  in  the  sensitive 
volume.  Dividing  the  ordinate  by  the  fluence  gives  the  cross  section 
for  depositing  at  least  that  energy.  The  ordinate  then  becomes  the 
cross  section  for  upsetting  a  device  with  a  critical  charge  given  by 
the  abscissa.  Data  taken  in  this  manner  has  been  found  to  be  useful 
for  testing  other  Monte-Carlo  models  (22)  and  semiempirical  models 
(23).  The  smaller  the  sensitive  volume,  the  larger  the  relative  contri¬ 
bution  the  recoiling  nuclear  fragments  makes  to  the  energy  deposited 
in  the  sensitive  volume. 
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(a)  (b) 

Fig.  22  Integral  number  of  events,  in  which  at  least  energy  E  has 
been  deposited  in  a  detector  versus  E.  The  active  sensitive  volume 
of  the  detector  is  a  cylinder  with  a  cross  sectional  area  of  25  mm^ 
and  a  thickness  if  2.5  ftm.  The  experimental  data  was  obtained  with 
an  Ortec  surface-barrier  detector  and  the  theoretical  simulations  were 
carried  out  using  CUPID. 

2.2  Microelectronic  Junctions 

The  charge  collection  at  an  SEU-sensitive  junction  in  a  microelec¬ 
tronic  circuit  is  more  complicated  than  it  was  for  the  fully  depleted 
detectors  discussed  above  because  the  circuit  junctions  are  only  par¬ 
tially  depleted  and  are  much  smaller  in  area  than  those  on  the  detec¬ 
tors.  The  phenomena  involved  in  charge  collection  across  a  small  par¬ 
tially  depleted  junction  are  outlined  in  Fig.  23.  The  passing  particle 
generates  numerous  electrons  and  holes  along  its  trajectory  creating 
a  cylindrical  sheath  of  charge  about  the  trajectory  which  acts  as  an 
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electrical  short  through  the  depletion  region  with  the  inner  regions  of 
the  cylinder  being  shielded  from  the  electric  fields  by  reorientation  of 
the  outer  charge.  The  entire  column  of  charge  expands  radially  by 
ambipolar  diffusion  until  the  charge  density  level  reaches  the  doping 
density  of  the  medium.  At  that  point,  the  electric  fields  penetrate  the 
sheath  and  accelerate  the  charges  towards  their  respective  electrical 
contacts.  This  latter  is  the  so-called  funneling  action  (25-30).  Even¬ 
tually  the  funnel  collapses  and  subsequent  charge  is  collected  by  the 
slow  random  motion  typical  of  diffusion.  As  a  result,  the  pulse  across 
such  a  junction  has  a  time  sequence  which  is  quite  different  from  the 
case  of  the  fully  depleted  detector  discussed  earlier.  Figure  23b  il¬ 
lustrates  the  drift  and  diffusion  components  of  the  charge-collection 
current  as  a  function  of  time.  Diffusion  contributes  a  slowly  arriving 
component  to  the  total  charge  collected  at  the  junction  which  would 
not  be  present  in  the  fully  depleted  detector. 


DEPENDENCE  ON  LET 

•  Depletion  region 

a  LET 

•  Funnel 

(X  (l,ET)y  1  <  y  <  I 

•  Fast  diffusion 

a  LET  ? 


(a)  (b)  (c) 

Fig.  23  a)  Schematic  of  a  particle  traversing  a  junction  showing  por¬ 
tions  of  the  trajectory  where  charge  is  collected  by  drift  and  diffusion, 
b]  Charge  collection  across  junctions  versus  time.  Portions  of  the 
pulse  due  to  drift  and  diffusion  are  illustrated,  c)  Dependence  of  the 
charge  collection  components  on  LET. 
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2.2.1  Charge  Collection 

Measurements  of  the  time  sequence  of  charge  collection  on  junc¬ 
tions  with  microscopic  dimensions  are  difficult  but  progress  is  being 
made  (31-43).  The  sensitivity  of  the  circuit  to  the  temporal  pattern 
of  the  currents  making  up  the  charge  collection  pulse  is  also  being 
studied  with  SPICE  simulations  (44-51)  in  attempts  at  providing  re¬ 
liable  predictions  of  SEU  rates.  The  information  required  for  accurate 
SPICE  predictions  of  SEU  sensitivity  are  outlined  in  Fig.  24.  The 
current  situation  is  that  extensive  SEU  testing  is  required  to  develop 
the  correct  equivalent  circuits  for  the  SPICE  models,  but  once  the  cir¬ 
cuit  elements  are  established  for  a  device,  SPICE  simulations  appear 
to  handle  changes  in  the  time  constants  reasonably  well  (52). 


SPICE  PREDICTIONS  OF  SEU 
SENSITIVITY 

REQUIRED  INFORMATION: 

•  Temporal  sequence  of  charge  collection 

•  Accurate  equivalent  circuit  for  device 

•  Time  constant  for  circuit 


Fig  24  Requirements  for  SPICE  predictions  of  SEU  sensitivity. 

A  simplifying  assumption,  which  is  presently  being  made  for  most 
SEU-rate  predictions,  is  that  upsetting  a  given  circuit  requires  collect¬ 
ing  at  least  some  threshold  amount  of  charge  within  a  period  of  time 
determined  by  the  time  constants  of  the  circuit.  This  is  the  so-called 
critical  charge.  With  the  circuits  typical  of  today’s  technology,  the 
critical  charge  includes  all  of  the  depletion-region  and  funnel  portions 
of  the  drift  component  and  some  part  of  the  diffusion  component. 
Estimating  what  fraction  of  the  diffusion  component  of  the  charge 
collected  contributes  to  upsetting  the  device  requires  comparison  of 


A-30 


oscilloscope  traces  of  the  charge-collection  pulses  with  the  circuit’s 
relevant  time  constants.  Circuits  like  DRAMS  in  the  static  mode  in¬ 
clude  all  the  diffusion  as  well  as  the  drift  components,  while  circuits 
with  switching  speeds  of  a  few  nanoseconds  or  less  would  include  little 
or  no  diffusion.  It  is  difficult  to  specify  the  appropriate  time  constants 
for  determining  the  fraction  of  the  charge  collected  which  contributes 
to  upsetting  a  given  device.  It  must  be  less  than  the  recovery  time 
or  the  switching  time  but  how  much  less  is  not  easily  known  by  the 
purchaser  of  the  device.  Since  resistor  loaded  NMOS  circuits  have 
slow  recovery  times  they  are  sensitive  to  most  of  the  diffusion  compo¬ 
nents.  CMOS  circuits  used  in  space  typically  have  switching  speeds 
between  20  nsec  and  500  nsec,  and  as  a  result,  they  are  sensitive  to  the 
early  portion  of  the  diffusion  component,  as  well  as  the  drift  compo¬ 
nents.  Abdel-Kader  et  al.  (53)  discusses  the  relative  contributions  of 
the  drift  and  diffusion  components  of  the  charge  collected  for  a  small 
junction  in  bulk  silicon. 


There  are  other  complications  in  the  charge  collection  at  partially 
depleted  junctions  beyond  the  extension  of  the  temporal  pattern  in¬ 
duced  by  the  diffusion  component.  Measurements  of  the  prompt  com¬ 
ponent  of  the  charge  collected  with  large  area  junctions  (25-27,30) 
suggest  that  the  drift  and  diffusion  components  may  have  a  nonlinear 
dependence  on  LET.  See  Fig.  23c.  The  drift  component  from  charge 
generated  inside  the  depletion  region  should  exhibit  proportionality 
between  charge  collection  and  the  LET  until  the  LET  values  are  so 
high  that  recombination  becomes  important  or  the  charge  collected 
approaches  the  fixed  charge  making  up  the  junction  and  the  deple¬ 
tion  region  collapses.  The  drift  component  from  outside  the  depletion 
region  is  taken  as  linear  by  Hu  (25).  It  is  taken  as  nonlinear  by 
Oldham  and  McClean  (26,27,30)  but  their  later  paper  does  not  rule 
out  linearity.  This  is  an  important  point.  Fully  depleted  detectors 
showed  a  linear  relation  and  the  detector  could  be  modeled  as  a  sensi¬ 
tive  volume  of  silicon  where  the  charge  generated  within  the  sensitive 
volume  equals  the  charge  collected  across  the  junction.  A  nonlinear 
dependence  on  LET  would  mean  that  the  dimensions  of  the  sensitive 
volume  depend  on  the  LET  of  the  incident  particle. 
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The  charge  collection  by  junctions  which  have  microscopic  dimen¬ 
sions  is  further  complicated  by  the  phenomena  illustrated  in  Fig.  25. 
It  shows  particles  hitting  the  depletion  region  of  a  junction,  hitting 
the  edge,  and  missing  the  junction  entirely.  Particles  traversing  the 
central  region  of  the  junction  provide  a  number  of  events  with  about 
the  same  value  of  charge  collected.  These  events  form  the  peak  in 
the  pulse-height  distribution  in  Fig.  26  which  shows  the  pulse-height 
spectrum  measured  with  a  test-structure  of  a  CMOS  drain-substrate 
junction.  The  peak  in  the  spectrum  is  clearly  observable  at  the  high- 
energy  end  of  the  spectrum.  Particles  traversing  unprotected  edges  of 
the  junction  experience  enhanced  charge  collection  (35).  As  junctions 
decrease  in  size,  the  events  at  the  edge  become  a  larger  fraction  of  the 
data.  Defects  in  the  junction  are  another  possible  cause  of  enhanced 
charge  collection.  Events  in  which  the  particle  misses  the  junction,  so 
that  either  no  drift  component  or  a  reduced  drift  component  occurs, 
may  still  have  a  significant  amount  of  charge  collected  at  the  junction 
through  diffusion.  These  events  lie  on  the  low-energy  side  of  the  peak 
in  Fig.  26.  A  small  number  of  enhanced  charge  collection  events  on 
the  high-energy  side  of  the  peak  are  also  visible. 


Fig.  25  Sensitive  volume  illustrating  direct  hit,  miss,  and  edge-hit  events. 
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Fig.  26  Measured  pulse-height  spectrum  for  a  drain-substrate  test- 
structure  junction  of  a  CMOS  circuit  exposed  to  4.8  MeV  alphas. 
The  peak  corresponds  to  direct  hits  on  the  junction,  while  the  events 
to  the  left  of  the  peak  correspond  to  alphas  missing  the  junction,  and 
the  events  to  the  right  of  the  peak  correspond  to  enhanced  charge 
collection  events,  possibly  the  result  of  edge  effects  or  defects. 

2.2.2  Threshold  Dependence  on  LET 

Let  it  be  assumed  that  a  device  having  SEU-sensitive  junctions 
which  are  identical  to  the  above  test  structure  will  upset  if  more  than 
some  critical  charge  is  collected  but  not  otherwise.  Let  it  be  further 
assumed  that  the  value  of  the  critical  charge  corresponds  to  the  posi¬ 
tion  on  the  pulse-height  spectra  marked  Q«  in  Fig.  27.  Let  particles 
be  incident  with  LET  values  of  x,  2x  and  3x.  The  lower  figure  illus¬ 
trates  how  the  cross  section  for  pulses  exceeding  Qc  varies  with  the 
incident  particle’s  LET.  Since  for  an  LET  value  of  x  none  of  the  pulse 
delivers  more  charge  than  Qc,  the  number  of  events  in  which  thresh¬ 
old  is  exceeded  for  that  LET  must  be  zero,  ff  the  particle’s  LET  is 
doubled  to  2x,  the  pulse-height  spectrum  shifts  to  higher  energies  in 
the  middle  figure  on  top  so  that  the  peak  position  coincides  with  the 
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critical  charge.  This  means  there  will  be  a  sharp  rise  in  the  number  of 
times  that  threshold  is  exceeded  between  LET  =  x  and  LET  =  2x,  as 
illustrated  in  the  lower  figure,  and  that  the  steep  rise  continues  until 
LET  values  are  reached  where  the  entire  peak  lies  to  the  right  of  Q^, 
as  it  does  for  LET  =  3x. 
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Fig.  27  Schematic  representation  of  pulse-height  spectra  obtained  by 
exposure  of  the  same  device  to  particles  at  an  LET  =  x,  LET  =  2x, 
and  LET  =  3x.  Qc  represents  the  critical  charge  for  that  device.  The 
bottom  plot  is  of  the  cross  section  for  depositing  at  least  versus 
LET  for  the  same  device.  The  shape  of  the  cross  section  curve  is 
determined  by  the  shape  of  the  peak  in  the  charge-collection  spectra 
shown  above. 

The  shape  of  the  threshold  response  curve  in  the  lower  figure  of  Fig. 
27  is  determined  by  the  shape  of  the  peaks  in  the  pulse-height  spectra 
for  the  device.  The  cross  section  would  be  zero  for  LET  values  up 
to  and  including  x.  It  remains  zero  untU  the  LET  values  of  the  few 


A-34 


enhanced  charge-collection  events  which  exceed  the  critical  charge  are 
reached.  The  cross  section  is  much  smaller  than  the  geometric  cross 
section  at  this  point.  As  the  LET  increases  so  that  a  fraction  of  the 
events  making  up  the  peak  exceed  the  critical  charge,  the  cross  section 
increases  rapidly.  The  ratio  of  the  number  of  events  under  the  peak 
in  Fig.  27  to  the  fluence  should  be  the  area  of  the  junction  as  it  was 
earlier  for  the  particle  detector.  Therefore,  the  cross  section  after  the 
sharp  rise  in  LET  should  be  just  above  the  geometric  cross  section  of 
the  junction  A,  as  shown  in  the  lower  figure.  Beyond  LET  =  3x,  the 
cross  section  continues  to  increase  but  the  rise  is  now  more  gradual. 
This  gradual  increase  is  due  to  the  events  in  which  the  particle  misses 
the  junction  but  the  charge  collected  exceeds  the  critical  charge  any¬ 
way. 

2.2.3  Charge  Collection  Dependence  on  LET 

The  charge  collection  spectra  obtained  with  a  GaAs  junction  on 
a  test  structure  is  shown  in  Fig.  28a.  The  position  of  the  peak  is 
plotted  versus  the  LET  of  the  incident  particle  in  Fig.  28b.  All  of  the 
data  was  obtained  with  the  particles  incident  normal  to  the  surface 
(54).  The  relationship  is  one  of  proportionality  just  as  it  was  for  the 
fully  depleted  detector  in  Fig.  21.  A  further  test  of  the  applicability 
of  the  concept  of  Efifective  LET  is  provided  in  Fig.  29  where  the  peak 
position  in  the  charge-collection  spectra  for  GaAs  heterojunction  test 
structures  exposed  to  heavy  ions  is  plotted  against  the  Effective  LET, 
i.e.,  the  product  of  the  LET  and  the  secant  of  the  angle  of  incidence. 
Data  at  different  values  of  the  Effective  LET  were  obtained  by  chang¬ 
ing  the  angle  of  incidence  for  two  ion  species.  The  fit  of  the  data  in 
Fig.  29  to  a  straight  line  is  consistent  with  the  assumption  that  the 
charge  collected  is  proportional  to  the  product  of  the  LET  and  the 
pathlength  through  a  parallelpiped  to  the  junction.  This  is  consistent 
with  the  data  of  Shanfield  et  al.  (40). 
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Fig.  28  a)  Pulse-height  spectrum  obt^ed  with  a  GaAs  junction  on 
a  test  structure  exposed  to  energetic  heavy  ions,  b)  Plot  of  peak 
position  versus  LET.  All  the  data  points  were  obtained  at  normal 
incidence. 

2.2.4  Sensitive  Volume 

The  linear  relationship  between  charge  collected  and  LET  exhib¬ 
ited  in  Figures  28  and  29  is  a  necessary  condition  for  the  concept 
of  the  sensitive  volume  with  constant  dimensions  being  applicable  to 
SEU  modeling.  Without  a  linear  relationship  between  the  charge  col¬ 
lected  and  the  LET,  the  sensitive  volume  would  have  to  be  assigned 
dimensions  which  depend  on  the  incident  particle’s  LET  which  would 
seriously  limit  its  usefulness  as  a  calculational  tool.  The  use  of  a  sen¬ 
sitive  volume  is  common  to  the  standard  procedures  for  calculating 
SEU  rates  in  space.  The  sensitive-volume  approach  is  outlined  in  Fig. 
30.  It  is  important  to  remember  that,  useful  as  the  sensitive  volume  is 
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in  modeling  and  predicting  SEUa,  for  most  devices  there  is  no  struc¬ 
ture  on  the  device  that  corresponds  to  the  sensitive  volume.  It  is  a 
mathematical  artifice.  Its  dimensions  are  chosen  such  that  the  charge 
generated  within  the  sensitive  volume  by  energy-loss  processes  equals 
the  charge  collected  across  the  junction.  The  fact  that  the  charge  col¬ 
lection  data  for  some  junctions  is  proportional  to  the  Effective  LET 
over  a  wide  range  of  angles  does  not  mean  that  it  must  be  valid  for  all 
devices.  In  particular,  it  has  not  been  demonstrated  for  some  modern 
devices  which  have  submicron  feature  sizes.  It  may  turn  out  that  the 
appropriate  sensitive  volume  is  not  a  parallelpiped  for  these  structures 
(55)  or  that  the  sensitive-volume  approach  itself  is  not  valid  for  all 
technologies. 
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Fig.  29  Charge  collection  versus  LETsec  9  for  GaAs  heterojunction  on 
a  test-structure.  The  effective  LET  was  varied  by  charging  the  angle 
of  incidence  for  the  two  ion  species. 
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Fig.  30  Sensitive  volume  associated  with  S£U  sensitive  junctions. 
2.2.5  Track  Structure  Effects 

The  LET  of  a  particle  depends  on  the  charge  and  speed  of  the  inci¬ 
dent  particle  as  well  as  the  density  and  atomic  number  of  the  medium 
through  which  it  passes.  Particles  with  different  diarge  and  speeds 
can  have  the  same  LET.  Often  particles  with  different  energies  and 
charge  but  the  same  LET  r^ult  in  the  same  SEU  response  from  a  cir¬ 
cuit.  However,  differences  in  SEU  response  are  sometimes  observed 
for  particles  with  the  same  LET  but  very  different  energies.  This  is 
apparently  due  to  differences  in  the  pattern  of  ionizations  generated  in 
the  original  track  around  the  trajectory  which  can  result  in  substantial 
differences  in  the  charge  collected  at  the  junction  (56-58),  especially 
when  one  track  is  generated  by  a  stopping  particle  and  the  other  by 
an  energetic  ion  with  considerable  residual  range.  This  is  illustrated 
in  the  charge  collection  measurements  carried  out  with  particles  of 
similar  LET  but  different  kinetic  energies.  The  results  are  described 
in  Table  1  which  is  taken  from  Ref.  (56).  For  the  Sandia  device,  there 
is  little  difference  in  the  charge  collection  between  the  different  ener¬ 
gies  at  the  same  LET.  However,  significant  differences  are  observed 
for  the  CMOS/SOS  structures.  These  differences  are  attributable  to 
differences  in  track  structure  in  the  two  cases,  i.e.,  differences  in  the 
radial  pattern  of  the  initial  charge  generation  about  the  particle  tra- 
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jectories.  Calculations,  also  from  Ref.  (56),  of  the  radial  distributions 
of  the  initial  charge  distribution  about  the  trajectory  of  ^*Ni  in  silicon 
at  two  different  energies  for  which  the  particle  has  about  the  same 
value  of  LET  are  illustrated  in  Fig.  31. 
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Fig.31  Results  of  calculation  of  the  density  profile  of  charge  generated 
about  the  track  of  an  energetic  Ni  ion  traversing  Si  at  four  different 
energies.  The  curves  show  the  electron-hole  pair  distribution  in  bins 
from  1E19  to  1E14  pairs/cm^  (56). 


Tabk  1.  CftlcttUUd  and  meuurcd  «a«rgy  dcpositioB  ia  M«V  ia  tk«  tcaaitive  volania  of  the  CMOS/SOS 
aad  Sandia  atractoraa.  Alao  givea  ia  tka  ratio  tka  aa«gy  depoaitioa  at  tka  kigkar  beam  aaargy 
(HE)  to  that  of  tka  loarar  baam  aaargy  (LE).  For  aack  if  tka  tkraa  caaaa  tka  first  liaa  ia  tka  cakalatad 
aaargy  dapoaitioa  aad  tka  aacoad  liae  ia  tka  maaaorad  depoaitioa.  Raf.  (50) 


Nkkal  Beanu 

Ratio 

Cklorine  Beam* 

Ratio 

405  M«V 

34.8  MaV 

HE/LE 

57.2  M«V 

29.0  MeV 

HE/LE 

CMOS/SOS  Gate 

2.53 

2.35 

1.077 

1.93 

1.8 

1.072 

1.05 

0.07 

1.57 

0.05 

0.47 

1.38 

CMOS/SOS  Drain 

2.53 

2.4 

1.054 

1.92 

1.84 

1.043 

1.73 

1.2 

1.44 

1.18 

1.34 

Sandia 

4.92 

4.51 

1.093 

3.75 

3.40 

1.085 

5.10 

4.02 

1.28 

3.49 

2.99 

1.17 

3.  MEMORY  CELLS 

The  elements  that  make  up  logic  circuits  are  composed  of  p>n  junc¬ 
tions  of  the  type  described  above.  Given  the  proper  process  informa¬ 
tion,  the  charge  collecting  characteristics  of  the  SEU-sensitive  junc¬ 
tions  making  up  the  device  may  be  estimated  theoretically  (53).  How¬ 
ever,  such  information  is  often  not  available  and,  if  available,  does  not 
take  lot-to-lot  variations  into  account.  Sometimes  approximate  infor¬ 
mation  can  be  obtained  directly  from  the  devices  themselves.  This 
is  illustrated  below  for  a  resistor-load  NMOS  memory,  an  important 
technology  for  space  applications.  They  are  also  important  because 
SEU-sensitive  structures,  the  drain-substrate  junctions,  are  similar  in 
construction  to  the  SEU-sensitive  drain-substrate  junctions  in  CMOS. 
CMOS  is  an  essential  component  of  most  spacecraft  systems  because 
of  its  low  power  requirements.  Therefore  the  techniques  applied  here 
to  NMOS  should  also  be  applicable  to  CMOS,  albeit  in  a  less  straight¬ 
forward  manner  (59).  The  memory  element  for  an  NMOS  SRAM  used 
in  space  is  typically  the  resistor-load,  four-transistor  cell  of  the  type 
shown  in  Fig.  32a. 
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3.1  Charge  Collection  Measurements 

Figure  32b  shows  one  of  the  NMOS  FETs  in  cross  section.  The 
SEU-sensitive  junctions  in  each  memory  cell  of  the  NMOS  SRAM  is 
the  drain>substrate  junction  which  is  reverse  biased  because  the  cor¬ 
responding  FET  is  turned  off.  In  normal  operation,  only  one  reverse- 
biased  drain-substrate  junction  in  each  memory  latch  of  the  two  is 
SEU  sensitive.  The  SEU  sensitivity  alternates  between  the  two  in¬ 
verters  as  the  memory  states  switch.  If  the  device  is  not  under  bias, 
all  the  junctions  become  reverse-biased  to  the  extent  of  the  built- 
in  biases  across  the  junctions.  Moreover,  particle  strikes  across  the 
junctions  connected  between  VDD  and  VSS  result  in  transient  volt¬ 
age  swings  between  those  lines,  even  in  the  absence  of  external  bias. 
Therefore,  if  the  VDD  and  VSS  pins  of  an  NMOS  SRAM  are  con¬ 
nected  to  the  same  electronics  as  used  for  detectors,  as  illustrated  in 
Fig.  33,  the  SRAM  should  behave  like  a  parallel  array  of  partially 
depleted  particle  detectors  with  the  detector  junctions  being  the  po¬ 
tentially  SEU-sensitive  drain-substrate  junctions  (60). 
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Fig.  32  a)  Schematic  of  a  resistor  load  NMOS  memory  cell,  b)  Cross 
section  of  one  of  the  inverters. 
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Fig.  33  Experimental  configuration  used  for  charge-collection  mea¬ 
surements  on  the  power  lines  of  the  memory  cells. 

3.1.1  Dimensions  of  the  Sensitive  Volume 

The  pulse-height  spectrum  obtmned  when  the  memory  cells  of  an 
NMOS  SRAM  are  exposed  to  4.8  MeV  alphas  is  shown  in  Fig.  34. 
The  spectrum  consists  of  events  at  32,768  similar  junctions,  each  hav¬ 
ing  dimensions  of  a  few  microns  on  a  side.  The  cross  sectional  area  of 
the  individual  junctions  can  be  estimated  from  the  ratio  of  the  num¬ 
ber  of  events  under  the  peak  to  the  fluence  divided  by  the  number  of 
junctions. 


Area  =  Events/(Fluence  x  Number  of  Junctions) 
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The  results  are  consistent  with  each  junction  having  about  137  in 
area  which  agrees  with  the  value  of  160  obtained  from  the  plateau 
value  of  the  SEU  cross  section  by  Kolasinski  et  al.  (61)  within  the 
limits  imposed  by  the  uncertainty  in  the  fluence. 
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Fig.  34  Pulse>height  spectrum  obtained  when  a  portion  of  the  memory 
cells  of  an  NMOS  SRAM  (IDT6116V)  is  exposed  to  4.8  MeV  alphas. 

The  thickness  of  the  sensitive  volume  can  be  estimated  from  range- 
energy  tables.  If  R(£i)  is  the  range  of  the  particle  entering  the  sensi¬ 
tive  volume  with  energy  and  R(Ei-E<^)  is  the  residual  range  of  the 
particl<!  after  it  deposited  energy  Ed  in  traversing  the  sensitive  vol¬ 
ume,  the  pathlength  /  through  the  sensitive  volume  can  be  estimated 
from: 


/  =  R(E;)  -  R(Ei^Ed) 


At  normal  incidence,  this  pathlength  should  equal  the  thickness  of  the 
sensitive  volume.  The  thickness  obtained  for  this  device  is  13.5  fim. 
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An  independent  check  on  whether  this  provides  a  useful  estimate 
of  the  dimensions  of  the  sensitive  volume  can  be  carried  out  by  com¬ 
paring  the  pulse-height  spectrum  measured  by  exposing  the  device  to 
148  MeV  protons  to  simulations  of  the  energy-deposition  spectrum 
obtained  from  CUPID.  The  comparison  is  shown  in  Fig.  35.  The 
agreement  is  quite  reasonable  considering  the  error  in  the  area  intro¬ 
duced  by  the  uncertainty  in  the  fluence  of  the  alpha  source. 


lOT  6116V  Ueosured  and  CUPIO  Crot*  Stctions 


Fig.  35  Integral  cross  section  for  depositing  at  least  some  energy  iFin 
a  sensitive  volume  versus  E.  The  theoretical  simulations  were  CUPID 
simulations  assuming  a  parallelpipped  sensitive  volume  with  11.7  fjim 
X  11.7  fim  X  13.5  /im  dimensions.  The  experimental  measurements 
were  obtained  from  measurements  on  the  IDT6116V  divided  by  the 
number  of  relevant  junctions. 
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The  dimensions  of  the  sensitive  volume  associated  with  the  SEU- 
sensitive  junctions  on  other  devices  can  be  determined  in  this  way 
also  (54,59,62,63).  However,  the  spectra  are  more  complicated  and 
the  results  obtained,  at  least  for  CMOS  (59),  are  still  a  subject  of 
some  controversy. 

The  position  of  the  peaks  in  the  charge-collection  spectra  change 
with  the  angle  of  incidence  in  a  manner  which  is  consistent  with  the 
expected  changes  in  the  particle’s  pathlength  through  the  sensitive 
volume  (40,62,63).  That  pathlength  should  be  proportional  to  the 
product  of  the  thickness  of  the  sensitive  volume  t  and  the  secant  of 
the  angle  of  incidence,  at  least  for  small  angles. 

/  =  t  sec  9 

This  assumption  that  the  pathlength  and,  therefore,  charge  collection 
increased  with  the  secant  of  the  angle  of  incidence,  is  fundamental  to 
all  models  which  incorporate  the  use  of  a  sensitive  volume  as  outlined 
above.  Furthermore,  it  forms  an  essential  part  of  the  standard  proce¬ 
dure  for  measuring  threshold  which  is  described  in  a  later  section. 

For  the  IDT6116V  the  value  of  the  thickness  obtained  from  charge 
collection  and  range-energy  tables  (64)  is  13.5  /im  which  exceeds  the 
thickness  of  the  p-well.  The  SEU  sensitive  drain  is  collecting  charge 
from  the  substrate  as  well  as  the  p-well.  In  standard  CMOS,  the  well 
competes  with  the  charge  collected  at  the  drain.  Twin-well  CMOS 
has  one  FET  for  which  the  well  does  not  inhibit  charge  collection  and 
may  facilitate  it. 


4.  EXPERIMENTAL  SIMULATIONS  OF  SEU* 


4.1  Method 

The  SEU  phenomena  can  best  be  studied  quantitatively  in  random 
access  memories  (RAMs))  although  it  can  be  argued  that  their  occur¬ 
rence  is  potentially  more  damaging  when  they  occur  in  a  CPU  or  other 
logic  circuits.  Experimental  simulation  of  SEUs  requires  connecting 
the  memories  to  circuits  in  a  manner  similar  to  their  actual  appli¬ 
cation  in  space,  including  at  least  occasional  read- write  commands. 
A  typical  experimental  configuration  used  for  SEU  testing  is  shown 
in  Fig.  36.  The  computer  not  only  exercises  the  device  under  test 
(DUT)  but  records  the  data,  plots  the  location  of  the  event  on  the 
die,  and  determines  whether  it  was  a  single-upset  or  multiple-upset 
event.  The  DUTs  are  exposed  to  energetic  particles  at  nuclear  par¬ 
ticle  accelerator  facilities.  Exposures  to  high-energy  ions  including 
energetic  protons  are  carried  out  under  adr  at  cyclotrons  or  larger  al¬ 
ternating  gradient  accelerators.  Exposures  to  the  lower-energy  heavy 
ions  typically  used  for  SEU  tests  are  carried  out  under  vacuum.  The 
vacuum  chamber  at  the  Tandem  Van  de  Graaff  facility  at  Brookhaven 
National  Laboratory  provides  plenty  of  space  for  sequential,  simulta¬ 
neous,  and  complete  system  irradiations.  Despite  its  size,  the  time  for 
pumping  down  to  the  required  vacuum  leveb  is  relatively  short.  The 
facilty  is  user  friendly  after  brief  training. 

There  is  an  extensive  literature  on  experimental  measurements  of 
SEUs  with  most  of  it  published  in  the  IEEE  Transactions  on  Nuclear 
Science  and  presented  at  this  conference.  The  student  is  referred  to 
the  last  10  years  of  that  journal  for  a  complete  list  of  references.  An 
extensive  but  not  complete  list  has  been  compiled  by  S.  E.  Kerns 
(65).  In  particular,  there  is  an  annual  article  on  the  latest  trends 
in  single-event  phenomena  results.  See  Ref.  65  for  the  most  recent 
version. 
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Fig.  36  Experimental  configuration  for  exposure  of  memories  and 
logic  devices  to  energetic  charge  particles  at  accelerator  facilities.  The 
DUX  remains  a  functioning  part  of  a  test  circuit  or  computer  during 
irradiation. 

4.2  Analysis 

As  the  exposure  is  being  carried  out,  the  appearance  of  an  SEU 
is  reported  to  the  investigator  by  the  computer  and  its  location  is 
plotted  on  the  topographical  bit  map  as  illustrated  in  Fig.  37.  To 
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separate  multiple  upsets  induced  in  a  single  event  from  multiple  inde¬ 
pendent  events,  the  data  is  examined  for  multiple  upsets  found  within 
two  memory-search  cycles.  This  subset  of  events  is  then  searched  by 
the  computer  for  neighboring  events  on  the  topographical  map.  For 
some  technologies,  adjacent  locations  on  the  topograpical  map  may 
not  be  nearest  neighbors  on  the  die.  For  example,  in  DRAMs  all  the 
multiple  upset  events  examined  on  a  mask-level  map  were  found  to 
have  memory  cells  which  were  nearest  neighbors  of  the  type  shown 
schematically  in  Fig.  38  despite  the  fact  that  they  often  had  small 
spaces  between  them  on  the  topographical  map  of  Fig.  37.  Multiple 
upset  events  have  been  observed  with  ions  incident  normal  to  the  sur¬ 
face  of  the  device  as  well  as  at  larger  angles  (67).  Therefore,  the  ion 
does  not  have  to  traverse  more  than  one  junction  to  upset  more  than 
one  cell.  A  more  recent  analysis  of  multiple  upset  events  in  DRAMs 
has  been  carried  out  by  Zoutendyk  et  al  (68,69)  and  multiple  upset 
events  have  been  studied  in  CMOS  and  NMOS  (61,62). 

A  possible  explanation  for  multiple  upset  events  is  provided  by  Figs. 
26  and  27  which  shows  the  charge  collection  by  a  test  structure  junc¬ 
tion.  If  threshold  lies  at  energies  below  the  peak,  the  ions  that  miss 
the  junction  can  still  result  in  charge  collecting  events  which  exceed 
the  upset  threshold. 
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Fig.  37  Topographical  map  of  error  obtained  on  a  commercial  DRAM 
exposed  to  heavy  ions  under  conditions  where  the  die  was  partially 
shadowed  by  the  edge  of  the  package  well. 
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Fig.  38  a)  Double  ui>set  event  exhibited  on  a  mask-level  map.  b) 
Quadruple  error. 

Two  versions  of  the  SEU  cross  section  are  being  used  to  character¬ 
ize  devices,  often  without  the  authors  clearly  specifying  which  one  is 
intended.  These  alternative  definitions  are  listed  in  Fig.  39.  Only  the 
event  cross  section  should  be  expected  to  match  the  dimensions  of  the 
sensitive  volume,  and  it  should  match  in  the  low-LET  portion  of  the 
plateau  before  "miss”  events  become  significant. 
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Fig.  39  Definitions  of  SEU  cross  sections. 

To  reduce  the  number  of  changes  in  accelerator  beams  and  their 
energies  which  are  costly  in  both  time  and  money,  the  approach  typ¬ 
ically  used  in  experimental  SEU  simulations  is  to  make  numerous 
changes  in  the  particle’s  angle  of  incidence,  thereby  changing  the  par¬ 
ticle’s  pathlength  through  the  sensitive  volume.  The  results  are  then 
plotted  as  the  product  of  the  measured  cross  section  per  bit  and  the 
secant  of  the  angle  of  incidence  versus  the  Effective  LET,  defined 
above  as  the  product  of  the  LET  and  the  secant  of  the  angle  of  inci¬ 
dence.  One  such  plot  is  shown  in  Fig.  40a  where  the  cross  section  for 
single-upset,  double-upset,  and  higher-order  events  are  plotted  versus 
Effective  LET  for  a  64K  DRAM  (67).  The  geometric  correction  for 
the  cross  section  attempts  to  correct  for  the  reduction  in  the  cross 
sectional  area  of  a  junction  projected  on  a  plane  perpendicular  to  the 
incoming  beam.  This  is  a  fairly  standard  practice,  but  may  not  be 
proper  for  the  next  generation  of  devices.  Some  thought  should  be 
given  before  using  this  geometrical  correction  on  devices  like  mod¬ 
ern  bulk  CMOS  where  the  lateral  dimensions  have  shrunk  until  they 
are  comparable  to  the  thickness.  At  LET  values  near  threshold,  the 
particle  would  have  to  traverse  the  junction  to  upset  the  device,  and 
since  the  depletion  region  is  thin,  the  SEU  cross  section  would  still  be 
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close  to  the  projection  of  the  junction  area  on  a  plane  perpendicular 
to  the  beam  direction.  At  high  LET  values  the  particle  may  miss  the 
junction  and  still  cause  an  upset.  In  that  case  increasing  the  angle  of 
incidence  should  only  have  a  small  and  complicated  effect  on  a  pro¬ 
jection  of  the  junction  area  which  the  sensitive  volume  presents  to  the 
beam. 
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Fig.  40  a)  Cross  section  for  events  in  which  one  or  more  memory  cells 
upset  corrected  for  angle  of  incidence  versus  Effective  LET.  b)  Event 
cross  section  versus  Effective  LET  for  the  same  device  type.  Plateau 
cross  section  agrees  with  geometric  cross  section  of  the  memory  cell. 

The  use  of  Effective  LET  on  the  abscissa  reflects  the  common  as¬ 
sumption  of  an  increase  in  the  particle’s  pathlength  through  the  sensi¬ 
tive  volume  as  the  angle  of  incidence  increases.  Changing  the  Effective 
LET  by  varying  the  angle  of  incidence  is  convenient  when  searching  for 
threshold,  and  it  is  far  less  expensive  than  having  to  change  particle 
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species  or  incident  energy  for  every  new  value  of  LET.  As  mentioned 
in  the  previous  section,  the  use  of  Effective  LET  assumes  that  the 
pathlength  increases  with  the  secant  of  the  angle  of  incidence.  This  is 
only  true  if  the  sensitive  volume  is  a  parallelpiped  and  until  the  path- 
length  becomes  comparable  to  the  lateral  dimensions  of  the  sensitive 
volume.  Therefore,  the  dimensions  of  the  sensitive  volume  should  be 
kept  in  mind  when  carrying  out  heavy-ion  simulations  and  applying 
these  geometric  corrections. 

4.3  Typical  Results  for  Heavy  Ions 

The  SEU  event  cross  section  should  rise  with  LET  until  it  reaches 
a  plateau  value.  This  plateau  should  correspond  to  the  cross  sectional 
area  of  the  SEU-sensitive  junction.  Figure  40b  plots  the  event  cross 
section  versus  the  Effective  LET  for  the  same  device  type.  The  cross 
sectional  area  of  the  junction  is  represented  as  a  horizontal  line  for 
comparison.  Obviously,  the  agreement  for  the  Intel  2164A  is  quite 
good. 

In  Fig.  41  the  measured  SEU  cross  section  is  plotted  versus  the 
Effective  LET  for  the  Fairchild  93L422,  a  bipolar  RAM  in  common 
spacecraft  use  (70).  The  SEU  problem  in  the  Hubble  Space  Telescope 
resides  in  the  93L422.  This  device  is  of  particular  interest  because  it 
is  one  of  the  few  devices  where  the  critical  charge  determined  from 
circuit  simulations  agrees  with  measurements  (70).  The  measure¬ 
ments  are  also  typical  of  data  characterizing  a  wide  range  of  devices. 
The  classic  “S” -shaped  threshold  is  apparent  in  the  linear  plot.  The 
semilog  plot  is  the  more  common  form  of  presenting  SEU-threshold 
data.  There  is  a  steep  rise  in  the  cross  section  as  the  LET  reaches 
threshold. 

The  shape  of  the  threshold  curves  in  both  Fig.40b  and  Fig.  41  are 
in  qualitative  agreement  with  what  is  to  be  expected  based  on  the 
earlier  discussion  of  the  charge  collection  at  a  single  SEU-sensitive 
junction  (See  the  discussion  for  Figs.  25  through  27).  The  upsets 
begin  with  a  few  events  at  LET  values  just  below  threshold,  presum¬ 
ably  due  to  the  type  of  rare  enhanced-charge-collection  events  seen 
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with  test  structures.  These  are  followed  at  slightly  higher  LET  by 
a  sharp  rise  in  the  SEU  cross  section  followed  by  a  slower  rise  at 
higher  LET.  It  would  appear,  qualitatively  at  least,  that  the  shape  of 
the  initial  fast  rise  reflects  the  broad,  charge-collection  peak  observed 
with  test  structures  and  that  the  slow  continuation  is  the  result  of 
‘^miss”  events.  The  cross  section  at  the  transition  from  sharper  rise 
to  the  gradual  rise  of  the  plateau  is  approximately  equal  to  the  ge¬ 
ometric  cross  section  of  the  SEU-sensitive  junction.  In  cases  where 
there  is  more  than  one  sensitive  junction,  the  eventual  plateau  would 
be  higher  and  the  shape  of  the  curve  reaching  it  more  complicated. 
The  plot  of  SEU  cross  section  versus  Effective  LET  for  the  IDT6116V 
NMOS  SRAM  is  plotted  in  Fig.  42.  The  horizontal  line  represents 
the  area  of  the  junctions  calculated  from  the  number  of  events  under 
the  peak  of  the  charge  collection  spectrum  for  the  device  (Fig.  33)  as 
described  earlier. 


(a)  (b) 

Fig.  41  Cross  section  versus  Effective  LET  for  the  93L422  on  a)  semi¬ 
log  plot  and  b)  linear  plot.  {Smith  and  Simpaon,  Ref.  70) 


Fig.  42  Cross  section  versus  Effective  LET  for  the  NMOS  device, 
the  IDT6116V  exposed  to  heavy  ions  (61).  The  transition  between 
sharply  rising  cross  section  and  plateau  on  the  experimental  curve 
agrees  with  the  geometric  area  of  the  SEU-sensitive  junction,  as  mea* 
sured  by  charge  collection  off  the  power  line  and  marked  by  a  hori¬ 
zontal  line  in  the  figure. 

4.4  Proton  Induced  Upsets 

Experimental  simulations  for  proton-induced  upsets  are  carried  out 
in  the  same  manner  as  for  heavy  ions,  but  because  the  localized  con¬ 
centration  of  charge  necessary  to  upset  a  circuit  element  requires  a 
nuclear  spallation  reaction,  the  cross  section  increases  with  the  in¬ 
cident  proton  energy  rather  than  decreasing  as  its  LET  and  total 
nuclear  cross  section  decrease.  This  increase  in  cross  section  with  in¬ 
cident  proton  energy  is  illustrated  in  Fig.  43  with  data  obtained  with 
the  DRAM  and  the  bipolar  device.  There  is  a  sharp  rise  in  the  SEU 
cross  section  at  low  incident  proton  energies  followed  hy  &  plateau  at 
energies  above  100  MeV,  presumably  refiecting  the  cross  section  for 
spallation  reactions  which  are  suflicientty  energetic  to  result  in  recoil¬ 
ing  nuclear  fragments  with  sufficient  recoil  energy  to  deposit  at  least 
a  threshold  amount  of  energy  in  the  sensitive  volume. 
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Fig.  43  Cross  section  versus  incident  proton  energy  for  a)  the  DRAM 
of  Fig.  40  and  b)  the  bipolar  device  of  Fig.  41. 
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5.  FIRST-ORDER  MODEL 


The  simplest  model  (1,4,5,71,72)  which  incorporates  the  sensitive 
volume  approach  is  summarized  in  Fig.  44.  The  dimensions  of  this 
equivalent  sensitive  volume  should  be  chosen  such  that  the  charge  gen¬ 
erated  along  the  portion  of  the  particle’s  trajectory  that  lies  within  the 
sensitive  volume  equals  the  charge  actually  collected  at  the  junction. 
The  amount  of  charge  generated  by  each  particle  traversing  the  sensi¬ 
tive  volume  is  calculated,  using  the  product  of  the  LET,  the  density  of 
the  semiconductor,  and  the  particle’s  pathlength  within  the  sensitive 
volume,  if  the  LET  is  constant.  Range-energy  tables  should  be  used  if 
the  LET  varies  significantly  along  the  portion  of  the  trajectory  which 
lies  within  the  sensitive  volume.  If  more  than  a  critical  (threshold) 
amount  of  charge  is  generated  within  the  volume,  the  memory  cell 
upsets;  if  less  charge  is  generated,  it  does  not  upset. 


FIRST  ORDER  MODEL  OF  SEU 
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Fig.  44  First-order  models  of  SEUs. 
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The  sensitive  volume  approach  implies  that  ail  the  sensitive  junc¬ 
tions  have  the  same  dimensions  and  that  all  the  memory  cells  have 
the  same  sensitivity.  This  assumption  requires  that  VLSI  devices  have 
uniform  sensitivity  to  upsets  across  the  die.  This  is  tested  for  a  256K 
DRAM  in  Fig.  45  which  plots  the  number  of  upsets  versus  bias  in 
the  absence  of  radiation.  At  high  voltages  there  axe  no  upsets,  and 
as  the  bias  is  reduced,  there  is  a  sudden  transition  from  no  upsets  to 
all  the  cells  upsetting.  The  vast  majority  of  memory  elements  on  the 
device  changed  state  within  a  very  narrow  voltage  range,  suggesting 
that  the  concept  of  a  single  critical  charge  for  all  the  elements  on  the 
die  may  in  fact  be  viable  for  commercial  devices.  The  gradual  rise  of 
the  SEU  cross  section  may  be  due  to  the  fact  that  traversals  of  the 
junction  by  identical  particles  do  not  result  in  the  identical  amounts 
of  charge  being  collected.  This  intrinsic  spread  in  the  charge  collected 
for  incident  particles  of  the  same  LET  was  discussed  earlier. 


too  2.00  100  AGO 

Bias  Voltage  (voits) 


Fig.  45  Number  of  upsets  in  the  absence  of  radiation  versus  bias. 
Measurements  were  carried  out  on  an  Intel  2 164 A  DRAM. 
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6.  ALGORITHMS  FOR  PREDICTING  SEU  RATES  IN  SPACE 


6.1  Cosmic  Rays 

Computer  codes  available  for  calculating  SEU  rates  in  space  as 
a  result  of  cosmic-ray  traversals  and  spallation  reactions  are  listed  in 
Fig.  46.  The  CRIER  (Cosmic-Ray-Induced  Error  Rate  Analysis)  code 
was  the  origional  cosmic-ray  code  developed  to  predict  SEU  rates  in 
space  (72)  and  is  maintained  by  S-Cubed  Corporation.  The  CREME 
(Cosmic-Ray-Effects  on  Microelectronics)  (73)  and  the  CRUP  (Cos¬ 
mic  Ray  Upset  Program)  (74)  are  both  from  the  Naval  Research  Lab¬ 
oratory  and  are  generally  available.  Since  the  three  codes  are  in  rea¬ 
sonable  agreement  with  one  another,  the  discussion  in  what  follows 
will  be  restricted  to  CREME,  but  much  of  what  is  said  applies  to 
the  other  codes  as  well.  All  three  involve  algorithms  which  use  the 
sensitive  volume  approach  outlined  earlier.  The  dimensions  of  the 
sensitive  volume  must  be  specified  by  the  user.  The  user  also  specifies 
the  critical  charge  which  must  be  generated  (or  threshold  amount  of 
energy  which  must  be  deposited-conversion  3.6  eV/ion-pair)  in  the 
sensitive  volume  to  upset  the  circuit  element.  The  number  of  ele¬ 
ments  per  device,  the  shielding  about  the  circuit,  and  the  radiation 
environment  the  spacecraft  is  expected  to  fly  in  must  also  be  specified. 
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Fig.  46  Codes  and  algorithms  available  for  calculating  SEU  rates. 

For  a  flare-free  environment  in  deep  space,  the  radiation  environ¬ 
ment  can  generally  be  represented  as  a  mixture  of  solar  maximum  and 
solar  minimum  with  the  relative  amounts  depending  on  what  period 
in  the  solar  cycle  the  flight  takes  place.  The  cosmic-ray  spectrum  for 
solar  minimum  is  shown  in  Fig.  47.  The  deep  space  environment  is 
harsher  than  this  most  of  the  time.  Solar  maximum  is  a  maximum 
only  for  the  quiet  or  flare-flree  environment.  The  program  calculates 
equivalent  LET  spectra  for  the  particles  incident  on  the  spacecraft 
from  the  solar  minimum  sprectrum  or  whatever  spectrum  is  appro- 
riate  for  the  environment  and  time  period.  Then  the  cord-length 
distribution  of  trajectories  through  the  sensitive  volume,  and  the  cor- 
reponding  energy-deposition  spectra  are  calculated.  The  number  of 
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events  per  day  in  which  more  energy  is  deposited  than  the  value  of 
the  critical  charge  (at  3.6  eV  per  ion  pair)  becomes  the  upset  rate  for 
that  device.  The  energy  deposited  in  the  sensitive  volume  by  each 
traversing  particle  is  taken  to  be  the  product  of  the  LET,  the  den¬ 
sity  of  the  medium,  and  the  pathlength  through  the  sensitive  volume. 
The  effects  of  flares  can  only  be  included  in  advance  by  specifying  the 
relative  abundances  of  the  species  comprising  the  radiation  compo¬ 
nents  of  the  flares  and  their  energy  spectra.  In  our  present  state  of 
knowledge,  that  is  impossible  to  do  in  advance.  The  errors  per  bit  day 
calculated  using  CREME  and  CRUP  for  a  device  exposed  to  Adams’ 
90%  worst-case  enviroment  (75)  is  plotted  in  Fig.  48  for  dimensions  of 
the  sensitive  volume  which  are  typical  of  base-emitter  heterojunctions 
in  GaAs  bipolar  devices  (43,76).  The  two  codes  modified  for  GaAs 
are  in  essential  agreement. 


Fig.  47  Cosmic-ray  spectrum  -  Adams’  model  for  deep  space  at  solar 
minimum. 
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Fig.  48  CREME  calculation  of  erron-per-bit-day  versus  critical  charge 
for  device  dimensions  typical  of  bipolar  GaAs. 

The  chance  that  a  given  heavy  ion  will  upset  a  device  depends  on 
its  LET  and  its  pathlength  within  the  sensitive  volume.  Heinrich  (77) 
suggested  plotting  the  integral  flux  of  particles  having  at  least  some 
value  of  LET  versus  that  value  of  LET.  This  form  is  convenient  for 
workers  trying  to  estimate  some  types  of  radiation  effects.  Figure  49 
shows  the  Heinrich  plot  for  deep  space,  as  generated  by  Adams  (75). 
The  percentage  labels  on  the  curves  reveal  the  fraction  of  time  the 
deep  space  environment  exceeds  the  integral  flux  levels  given  by. that 
curve.  The  bottom  curve  represents  solar  minimum  with  no  flare  ac¬ 
tivity  while  the  uppermost  curve  represents  a  very  intense  flare.  The 
equivalent  spectrum  of  high  LET  particles  for  a  low-earth  environ¬ 
ment  (77)  is  presented  in  Fig.  50. 
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Fig.  49  Integral  LET  spectra  for  different  deep  space  environments. 
Percentages  represent  the  fraction  of  the  time  the  environment  exceeds 
that  curve  (75). 
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LET  spectra  of  COSMIC-RaN  NUCLEI 


Fig.  50  LET  spectra  for  a  low  earth  orbit  (Heinrich).  LET  is  expressed 
in  units  of  interest  to  biologists. 
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The  simplest  approach  to  estimating  the  SEU  rate  for  a  device 
flown  in  deep  space  is  to  use  the  Petersen  formula.  Only  the  dimen¬ 
sions  of  the  sensitive  volume  and  the  critical  charge  must  be  specified 
or,  alternatively,  the  plateau  value  of  the  SEU  cross  section  and  the 
threshold  LET  (78).  The  formula  provides  an  estimate  for  Adams’ 
90%  worst-case  environment.  In  terms  of  critical  charge  Qe  in  pC, 
the  SEU  rate  R  in  errors  per  bit-day  is  given  for  silicon  by  the  follow¬ 
ing  expression: 


R=  5  X  10^0 

where  a,  b,  and  c  are  the  dimensions  of  the  sensitive  volume  in  mi¬ 
crons. 

The  corresponding  formula  for  GaAs  is  given  by  the  following  expres¬ 
sion: 


R=  3.5x10“ 

6.2  Trapped  Protons 

Proton-induced  spallation  reactions  result  in  a  broad  range  of  charge 
generations  within  the  sensitive  volume  even  when  all  the  reactions 
were  induced  by  protons  of  one  incident  energy.  The  current  versions 
of  CUPID  (5,21,79)  require  the  user  to  provide  the  incident  proton 
energy,  the  dimensions  of  the  sensitive  volume,  and  the  dimensions  of 
an  external  volume  throughout  which  the  spallation  reactions  occur; 
the  external  volume  contains  the  sensitive  volume  and  at  least  4  mi¬ 
crons  of  additional  semiconductor  as  illustrated  in  Fig.  51.  CUPID’s 
output  is  in  either  of  two  forms:  one  is  the  differential  spectrum  of 
the  energy  depositions  in  the  sensitive  volume;  the  other  is  an  inte¬ 
gral  cross  section  for  depositing  at  least  some  energy  E  plotted  versus 
the  value  of  E.  The  integral  form  is  more  useful  in  SEU  studies  since 
it  provides  cross  sections  for  events  exceeding  some  threshold  energy 
deposition.  Examples  of  the  integral  form  were  shown  in  Figs.  22  and 
34.  The  theoretical  curves  in  both  cases  represent  the  cross  section 
for  depositing  at  least  some  energy  E  versus  £*  in  a  sensitive  volume 
with  the  dimensions  specified.  The  agreement  with  charge-collection 


A-65 


measurements,  for  both  the  fuU>depieted  surface- barrier  detector  of 
Fig.  22  and  the  partially-depleted  drain-substrate  junctions  in  the 
IDT  6116V  of  Fig.  34,  generates  some  confidence  in  the  code  output. 


Fig.  51  Schematic  showing  the  sensitive  volume  and  the  surrounding 
external  volume  whose  dimensions  must  be  specified  for  CUPID. 
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The  integral  cross  section  output  of  CUPID  can  also  be  interpreted 
as  a  plot  of  the  cross  section  for  upsetting  a  device  with  the  specified 
dimensions  and  a  critical  charge  given  by  the  abscissa.  Theoretical 
calculations  carried  out  this  way  have  led  to  good  agreement  with  ex¬ 
perimental  data  for  a  number  of  devices  over  a  wide  range  of  incident 
proton  energies.  Two  examples  of  SEU  cross  section  predictions  are 
shown  in  Fig.  43  for  the  Intel  2164A  DRAM  and  the  93L422,  a  bipo¬ 
lar  SRAM.  Again,  the  agreement  is  quite  good.  Similar  agreement 
has  been  found  for  NMOS  and  CMOS  devices  (59,60). 

Most  of  the  energy  deposted  in  a  micro  volume  by  a  nearby  spalla¬ 
tion  reaction  is  delivered  by  the  recoiling  nuclear  fragment,  at  least  for 
the  large  events  that  lead  to  upset  (5,21,79).  These  nuclear  fragments 
are  similar  to  cosmic  rays  with  moderately  high  values  of  LET.  The 
average  LET  of  each  fragment  can  be  calculated  from  the  ratio  of  its 
energy  to  its  range  divided  by  the  density  of  silicon.  The  distribution 
of  average  LET  for  nuclear  fragments  emerging  from  spallation  reac¬ 
tions  induced  by  131  MeV  protons  was  calculated  using  CUPID  and 
plotted  in  Fig.  52.  The  upper  end  of  the  spectrum  is  at  an  LET  of 
about  10  MeV  cm^/mg.  This  value  of  LET  had  been  found  to  be  the 
threshold  LET  which  serves  as  a  boundary  between  devices  accepted 
as  proton  sensitive  and  proton  insensitive. 
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Fig.  52  Distribution  of  average  LET  for  recoiling  nuclear  fragments 
emerging  from  spallation  reactions  induced  by  131  MeV  protons.  Av¬ 
erage  LET  is  defined  to  be  the  energy  of  the  residual  fragment  divided 
by  its  range. 

This  form  of  CUPID  is  adequate  for  predicting  SEU  rates  for  expo¬ 
sure  to  monoenergetic  proton  beams  from  accelerators  incident  per¬ 
pendicular  to  one  face.  Exposure  to  proton  energy  environments  with 
complex  energy  spectra  and  varying  angles  of  incidence  requires  mod¬ 
ification  of  the  codes  which  is  underway.  The  energy  deposited  in 
spallation  reactions  is  only  weakly  dependent  on  the  angle  of  inci¬ 
dence  of  the  incident  proton,  but  variations  of  a  factor  of  two  with 
the  angle  have  been  observed  (61,80).  The  dependence  on  the  angle 
of  incidence  may  be  the  result  of  the  fact  that  the  recoiling  nuclear 
fragments  tends  to  recoil  in  the  forward  direction  as  shown  in  Fig.  53 
(81).  The  codes  currently  available  can  be  used  to  approximate  the 
complex  environments  of  the  inner  belts  by  representing  the  incident 
protons  as  a  series  of  monoenergetic  exposures  at  different  energies 


with  the  relati  ix  of  each  exposure  dependent  on  the  distribution 
of  incident  pr^  .  energies  in  the  environment.  A  paper  at  this  con¬ 
ference  (82)  compares  CUPID  simulations  combined  with  the  NASA 
model,  APS,  to  the  spsdlation-reaction  events  measured  with  the  J* 
dosimeter  on  the  DMSP  satellite  (83).  The  agreement  was  within  25% 
for  four  detectors  having  two  different  critical  charges,  two  different 
geometries,  and  four  different  shield  thicknesses. 
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Fig  53  The  angular  distribution  of  the  recoil  nuclei  from  nuclear  re¬ 
actions  induced  by  protons  incident  at  (a)  37  MeV  and  (b)  154  MeV. 
Distribution  obtained  from  CUPID  simulations  (81). 

An  alternative  approach  to  predicting  SEU  rates  in  the  radiation 
belts  involves  using  the  A  curves  of  Bendel  and  Petersen  (85)  which 
are  plotted  in  Fig.  54.  To  use  the  A  curves,  the  measured  SEU  cross 
section  is  plotted  versus  incident  proton  energy  in  Fig.  54a  and  the 
value  of  A  for  the  closest  fitting  curve  noted.  The  corresponding  SEU 
rate  due  to  energetic  protons  trapped  in  the  inner  radiation  belt  is 
then  obtained  from  their  plot  of  SEU  rate  versus  altitude  in  Fig.  54b 
for  devices  having  various  A  values.  One  difBculty  with  this  approach 
has  been  the  fact  that  many  devices  do  not  exhibit  an  SEU  depen- 
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dence  which  parallels  the  curves  in  Fig.  54a.  This  is  being  addressed 
in  their  new  two-parameter  model  to  be  presented  at  this  conference. 
See  also  Ref.  91. 
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(a)  (b) 

Fig.  54  a)  The  A  curve  of  Petersen  and  Hendel.  The  measured  cross 
section  versus  energy  determines  the  proper  A  value  to  use.  b)  Error 
rates  as  a  function  of  altitude  for  devices  with  different  A  values. 
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7.  SOXmCES  OF  INNACURACY 


7.1  Shape  of  Threshold 

Despite  the  absence  of  evidence  for  a  variation  in  the  critical  charge 
across  commercial  devices,  the  largest  source  of  inaccuracy  in  SEU 
calculations  results  from  representing  the  device  as  a  collection  of 
identical  circuit  elements,  all  with  the  same  critical  charge.  Such  an 
assumption  leads  to  a  stepfunction  threshold  as  illustrated  by  the 
dashed  curve  in  Fig.  55,  while  the  measured  cross  section  for  SEUs  in 
real  devices  typically  increases  with  Effective  LET  as  the  solid  curve. 
The  shape  of  the  solid  curve  is  probably  caused  by  the  fluctu¬ 
ations  in  the  amount  of  charge  collected  at  the  junction,  even  when 
exposed  to  identical  particles.  This  “S”  shape  would  be  more  obvi¬ 
ous  in  a  linear  plot  like  Fig.  41b.  In  Monte-Carlo  simulations,  SEU 
thresholds  are  too  often  treated  as  single  stepfunctions.  This  assumes 
that  particles  with  the  same  LET  and  pathlength  always  generate  the 
same  amount  of  charge  within  the  sensitive  volume,  an  assumption 
which  was  shown  above  to  be  incorrect.  The  simplest  procedure  for 
resolving  this  difihculty  is  to  represent  the  identical  circuit  elements 
as  having  identical  dimensions  but  different  thresholds.  The  number 
of  elements  to  be  assigned  each  value  of  threshold  can  be  estimated 
by  fitting  the  cross  section  versus  LET  curve  by  a  series  of  steps,  as 
illustrated  in  Fig.  55,  with  the  difference  in  height  between  succes¬ 
sive  steps  determining  the  relative  number  of  elements  assigned,  as 
a  threshold  LET,  the  value  midway  between  steps.  Figure  55  also 
compares  the  errors-per-bit-per-day  calculated  using  CREME  under 
two  assumptions:  first,  a  single  threshold  for  all  elements  and,  sec¬ 
ond,  different  thresholds  for  subpopulations  of  the  elements  with  the 
relative  numbers  and  thresholds  given  by  the  steps  in  Fig.  54.  The 
latter  should  be  the  more  accurate  calculation. 
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Fig.55  Compaxison  of  a  stepfunction  threshold  in  a  plot  of  SEU  cross 
section  versus  LET  with  a  threshold-response  function  which  is  typical 
of  real  devices (78). 

This  procedure  can  be  applied  to  the  SEU  cross  section  data  of  the 
Intel  2164A  DRAM  in  Fig.  56.  The  weightings  given  by  the  steps 
in  the  figure  were  incorporated  into  the  CUPID  calculations  used  for 
the  theoretical  curve  in  Fig.  43a.  The  manufacturer  provided  a  crit¬ 
ical  charge  for  this  device.  The  threshold  LET  can  be  estimated  by 
dividing  the  critical  charge  by  the  pathlength  through  the  sensitive 
volume  which  can  be  estimated  from  process  information  (53).  The 
value  obtained  is  represented  in  the  figure  by  a  triangle.  It  is  in  good 
agreement  with  the  data.  A  single-threshold  calculation  based  on  this 
value  of  the  critical  charge  resulted  in  CUPID  simulations  which  were 
a  factor  of  two  below  the  experimental  data.  Calculations  of  the  SEU 
rate  to  be  expected  for  this  device  flying  in  Adams’  90%  worst-case 
environment  are  presented  in  Table  2.  Again,  there  is  a  factor  of  ten 
difference  between  the  single-threshold  calculation  and  the  multiple- 
threshold  calculation.  As  can  be  seen  in  Table  2,  the  Petersen  formula 
using  multiple  thresholds  provides  a  better  estimate  than  CREME  us¬ 
ing  a  single  threshold.  According  to  the  results  in  Table  2,  the  best 
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single  threshold  approximation  is  the  value  of  LET  corresponding  to 
a  cross  section  25%  of  the  plateau  value.  According  to  Petersen  (85), 
this  best  fit  by  the  LET  at  25%  *  30%  of  plateau  is  true  of  a  broad 
range  of  devices. 
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Fig.56  SEU  cross  section  versus  Effective  LET  for  a  DRAM  fitted  by 
a  series  of  steps.  The  height  of  each  step  represents  the  product  of 
the  cross  section  area  of  the  sensitive  volume  assigned  to  the  junction 
times  the  fraction  of  elements  having  a  threshold  at  or  below  the  value 
of  LET. 
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TABLE  2. 


ALGORITHM  PREDICTIONS  FOR  3164A  ; 

(A<l4mt  90^  Worn  C>t«  Environment)  j 

,  Txhaisu* _ ;  ApproKimMion  i  Ijp«««/Bit-D«y  : 

i  0«tAit«d  CftlculktioB  '  Siaglc  (50%)  '  3.3E-5  j 

■ _ ’  Multiple  2.7E-4 

Siogle  (50%)  3.7e-5 

Petenen  FormulB  Single  (30%) 

Single  (.1%)  2.7e-3 

_ ;  Multiple  I  I.65E-4  : 


7.2  Track  Structure 

Heavy  ions  with  different  wedues  of  charge  and  kinetic  energy  but 
the  same  value  of  LET  have  been  shown  to  produce  different  charge- 
collection  spectra  when  incident  on  the  same  junction  (56)  and  differ¬ 
ent  threshold  LETs  for  exposures  of  the  same  device  (86).  Presumably 
these  differences  are  due  to  differences  in  the  initial  radial  distribution 
of  charge  along  the  trajectory.  They  are  most  pronounced  when  com¬ 
paring  low-energy  ions  with  high-energy  ions  with  the  same  LET.  An 
example  is  shown  in  the  threshold  curves  in  Fig.  57.  The  low-energy 
ions  have  kinematic  limits  on  the  energy  which  can  be  transferred  in 
Individual  collisions  with  the  atomic  electrons  of  the  media.  This  con¬ 
fines  the  pattern  of  primary  and  secondary  radiations  to  a  narrower 
region  about  the  trajectory.  This  effect  on  track  structure  can  be  seen 
in  Fig.  2  where  the  track  is  seen  to  thin  down  as  the  trajectory  nears 
the  end  of  the  range  in  the  bottom  of  the  photograph.  Most  of  the 
current  SEU  testing  is  carried  out  using  low-energy  particles  whose 
tracks  would  definitely  lie  within  the  '^hindown”  region  illustrated 
in  Fig.  2,  but  most  cosmic  rays  encountered  in  space  are  energetic 
and  not  thindown  tracks.  Only  for  devices  with  high  thresholds  LETs 
in  the  regions  values  where  the  integral  LET  spectra  exhibit  sharp 
falloff  with  further  increases  in  LET  (see  Fig.  49)  would  low-energy 
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ions  play  a  significant  role  in  upsetting  the  device  in  deep  space.  How> 
ever,  data  obtained  with  thindown  tracks  should  be  more  appropriate 
for  correlating  SEU  parameters  between  heavy  ions  and  protons. 
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Fig.  57  Comparison  of  SEU  cross  sections  plotted  versus  LET  for 
low-energy  ions  and  high-energy  ions  with  similar  LET  values,  a) 
The  SEU  response  function  for  the  93L422  is  seen  to  scale  as  the 
secant  of  the  angle  of  incidence  and  exhibits  no  species  dependence, 
b)  The  SEU  response  function  for  the  27LS00  exhibits  a  pronounced 
species  dependence  and  does  not  scale  as  the  secant  of  the  angle  of 
incidence  Ref.  (86). 
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The  problem  of  track-structure  effects  is  being  addressed  by  the 
new  heavy-ion  test  facility  being  planned  at  Brookhaven  National 
Laboratory.  This  new  facility  will  use  high-energy  ions  thereby  en¬ 
suring  that  particles  at  all  LET  values  have  similar  track  structure. 
The  availability  of  high-energy  ions  with  greater  penetrating  power 
will  have  the  further  advantages  that  SEU  testing  can  be  carried  out 
in  air,  thereby  avoiding  the  expense  and  delays  of  carrying  out  the 
experiments  under  vacuum,  and  that  irradiations  can  be  carried  out 
at  angles  of  incidence  up  to  and  including  grazing.  Careful  studies 
of  charge  collection  as  a  function  of  large  angles  should  allow  tomo¬ 
graphic  views  of  the  sensitive  volume. 

7.3  Lot-To-Lot  Variations  and  Process  Change 

New  lots  of  parts  may  have  different  SEU  characteristics  than  pre¬ 
vious  lots  because  of  deliberate  or  inadvertant  process  changes  or 
because  of  changes  in  foundry,  personnel,  or  equipment.  Differences 
of  a  factor  of  ten  in  the  proton  SEU  cross  sections  have  been  observed 
with  the  IDT  6116V  (80).  This  possibility  of  variability  has  necessi¬ 
tated  repeated  testing  of  the  same  part  type  when  they  are  used  in 
different  essential  programs. 

7.4  Differences  in  Test  Boards,  Applied  Bias,  etc. 

Differences  in  SEU  response  due  to  changes  made  in  the  circuit 
components  making  up  the  remainder  of  the  test  system  of  which  it 
is  a  part  is  an  area  with  limited  information.  Certainly  the  test  pro¬ 
tocol,  for  example  the  rate  at  which  the  cells  are  addressed,  can  effect 
the  measured  cross  sections. 

7.5  Uncertainties  in  the  Natural  Radiation  Environment 

It  is  appropriate  to  end  a  discussion  of  single-event  phenomena  with 
a  discussion  of  the  uncertainties  in  our  knowledge  of  the  particles  ac¬ 
tually  incident  on  our  device.  Obviously,  our  ability  to  predict  the 
response  of  a  circuit  most  strongly  depends  on  our  ability  to  predict 
the  particles  which  will  be  incident  on  it,  and  yet  space  consists  of 
very  complicated  radiation  environments.  Solar  flares  and  magnetic 
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disturbance  can  result  in  dramatic  temporary  changes  in  the  radiation 
incident  on  the  spacecraft  and,  consequently,  the  SEU  rates.  There  is 
also  a  slow  variation  in  the  environments  from  solar  minimum  to  so¬ 
lar  maximum,  which  should  result  in  corresponding  increases  in  SEU 
rates  in  deep  space  and  over  the  poles,  and  decreases  in  the  portions  of 
low-earth  orbits  where  the  spacecraft  penetrates  the  radiation  belts. 
This  is  an  11  year  cycle  and  longer  trends  cannot  be  ruled  out.  The 
temporal  variations  in  the  cosmic-ray  environment  were  illustrated  in 
Fig.  49  where  the  LET  spectra  which  are  exceeded  for  different  frac¬ 
tions  of  the  time  were  displayed. 

Current  NASA  models  of  the  radiation  environments  are  static 
models  which  only  handle  the  dynamic  variations  described  above  by 
long  term  averaging.  The  codes  for  the  cosmic-ray  environment  which 
serve  as  the  input  for  CREME  are  probably  valid  to  within  a  factor  of 
two  for  averages  of  the  environment.  It  is,  of  course,  necessary  to  pro¬ 
vide  the  proper  mix  of  the  solar  maximum  and  the  solar  minimum  in 
calculations.  Also,  APS,  the  NASA  code  of  the  proton  environments, 
may  have  errors  of  a  factor  of  two  in  the  high-energy  proton  environ¬ 
ments  for  low-earth  orbits.  The  J*  dosimeter  recently  characterized 
the  low-earth  orbit  of  the  DMSP  satellite  in  terms  of  the  energetic 
nuclear  reactions  which  would  lead  to  SEUs  in  microelectronic  de¬ 
vices  (83).  The  data  was  found  to  be  in  excellent  agreement  with  the 
predictions  of  the  APS  model  of  the  proton  environment  combined 
with  CUPID’s  predictions  of  the  number  of  spallation  events  which 
deposit  at  least  40  MeV  and  70  MeV  in  the  detectors  (82). 

7.6  Shielding 

The  most  complicated  part  of  any  calculation  of  single  event  phe¬ 
nomena  for  a  device  flying  on  a  satellite  is  taking  into  account  the 
shielding  provided  by  material  between  the  device  and  the  outer  walls 
of  the  spacecraft.  The  changes  in  the  LET  spectra  for  devices  behind 
different  amounts  of  isotropic  shielding  are  shown  in  Fig.  50.  On 
real  spacecraft,  the  shielding  b  not  isotropic,  however.  The  amount 
of  material  the  cosmic  ray  or  trapped  proton  must  traverse  depends 
on  the  direction  of  incidence.  In  low-earth  orbit  the  earth  provides 
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considerable  shielding.  Often,  the  spacecraft  is  spinning.  Fortunately, 
shielding  codes  are  usually  generated  as  a  part  of  spacecraft  design 
and  if  free>space  calculations  suggest  the  possibility  of  a  problem,  the 
designer  can  take  advantage  of  the  codes  to  improve  his  analysis. 
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8.  HOW  ACCURATE  ARE  SEU  PREDICTIONS? 


8.1  Cosmic  Rays 

Relatively  good  agreement  between  predictions,  based  on  heavy>ion 
accelerator  data,  and  cosmic>ray  spaceflight  data  have  been  reported 
by  Binder  (87),  Smith  and  Simpson  (70),  and  Blake  and  Mandel  (88). 
These  predictions  were  for  a  small  number  of  devices  in  different  satel¬ 
lite  programs  and  included  geosynchronous  orbits  and  low-earth  polar 
orbits.  Binder  developed  a  simple  analytic  expression  for  upset  rates 
which  by  folding  in  the  appropriate  integral  LET  spectra  provided  es¬ 
timates  for  three  devices  on  the  Global  Positioning  Satellite,  including 
the  AM  93L422.  Blake  and  Mandel  (88)  used  CREME  to  predict  SEU 
rates  for  the  Harris  HM6508,  a  IK  SRAM  in  a  low-earth  polar  orbit. 
Smith  also  carried  out  an  analytical  approach  which  took  the  differ¬ 
ent  projections  of  the  sensitive  volume  into  account  for  the  Fairchild 
93L422.  In  all  cases,  the  agreement  was  well  within  a  factor  of  two. 
Although  the  details  of  the  calculations  were  different  in  each  case,  all 
of  the  calculations  were  consistent  with  the  CREME  approach  out¬ 
lined  earher;  in  particular,  the  path^length  distribution  was  taken  into 
account. 

A  comparison  of  the  three  approaches  leads  to  some  tentative  con¬ 
clusions  regarding  SEU-rate  predictions.  First,  the  devices  must  be 
well  characterized  by  thorough  accelerator  testing  so  that  the  response 
curve  for  the  cross  section  versus  LETT  is  well  defined.  It  is  essential 
that  the  shape  of  the  response  curve  be  taken  into  account  in  calcu¬ 
lating  SEU  rates.  This  is  best  done  by  fitting  the  response  curve  and 
weighting  the  calculations  as  subpopulations  with  different  thresh¬ 
olds,  as  described  above.  A  more  risky  alternative  is  to  use  a  single 
threshold  that  takes  this  shape  into  account.  Petersen  recommends 
assigning  the  single  threshold  to  the  value  of  LET  corresponding  to 
the  point  on  the  response  curve  which  is  25%  to  30%  of  the  plateau 
value.  The  response  curve  for  the  HM6508  did  not  exhibit  a  plateau 
and  Blake  and  Mandel  chose  a  value  that  appears  to  be  about  50% 
of  the  highest  value.  In  general,  the  more  detsuled  calculations  are 
warranted.  In  any  event,  the  detailed  response  curve  is  needed  if  only 
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to  determine  the  proper  value  to  set  for  the  single  threshold.  Poorly 
defined  response  curves  generates  uncertainties  that  can  easily  lead 
to  errors  of  an  order  of  magnitude  or  more. 

Second,  the  pathlength  distribution  of  particle  trajectories  must  be 
incorporated  into  calculations.  This  is  automatically  done  in  CREME 
and  was  included  in  the  calculations  of  Binder  (87)  and  Smith  and 
Simpson  (70). 

Third,  corrections  must  be  made  for  the  appropriate  time  period  in 
the  solar  cycle.  Smith  and  Simpson  (70)  found  a  variation  of  a  factor 
of  2.4  between  maximum  and  minimum  over  the  11  year  solar  cycle. 

Fourth,  Multiple-upset  events  must  be  identified  both  in  space  and 
in  the  laboratory  tests.  There  is,  as  yet,  no  accurate  model  for  pre¬ 
dicting  the  multiplicity  of  an  event. 

8.2  Trapped  Protons 

The  use  of  CUPID  and  the  Bendel-Petersen  curves  for  predicting 
SEU  rates  was  discussed  in  some  detail  earlier.  Alternative  approaches 
have  recently  become  available.  Bion  and  Bourrieau  (89)  have  re¬ 
cently  developed  a  simulation  program  which  give  fits  to  the  measured 
Fairchild  93L422  and  the  Intel  2164A  response  curves  which  are  com¬ 
parable  to  the  fits  shown  earlier  for  CUPID.  When  the  model  was 
applied  to  data  from  a  polar-orbiting  satellite  (90)  the  agreement  was 
within  20%.  Shimano  et  al  (91)  have  modified  the  Bendel-Petersen 
curves  from  a  one-parameter  fit  to  the  proton  response  curve  to  a  two- 
parameter  fit.  This  gives  them  a  correspondingly  improved  agreement 
with  the  measured  in-orbit  SEU  rates  for  the  93419  RAM.  The  fact 
that  CUPID,  combined  with  the  NASA  APS  model  of  the  trapped 
protons,  gave  good  agreement  with  the  J*  Dosimeter  data  from  the 
DMSP  satellite  instills  confidence  in  CUPlD’s  ability  to  perform  SEU 
rate  calculations  accurately.  It  should  be  noted  that  the  SEU  rate 
predictions  that  are  reported  to  be  in  agreement  are  for  devices  which 
are  well  characterized  at  accelerator  facilities. 
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8.3  Predicting  Proton  Response  From  Heavy  Ion  Data 

An  earlier  discussion  outlined  the  procedure  for  using  heavy-ion 
data  as  input  to  the  CUPID  simulation  codes  in  order  to  predict  the 
proton-cross-section  versus  incident-energy  response  function  (67). 
For  this  to  work,  the  identity  of  the  SEU-sensitive  junction  must  be 
known,  and  the  dimensions  of  its  associated  sensitive  volume  deter¬ 
mined.  The  critical  charge  can  then  be  estimated  from  the  heavy-ion 
data.  This  is  a  thorough  test  of  the  understanding  of  the  basic  mech¬ 
anisms  and  the  algorithms  used  for  calculations.  The  agr^  ent  ob¬ 
tained  for  CUPID  was  excellent  for  two  devices,  as  shown  e<!tr  (67). 
Bion  and  Bourrieau  (89)  have  developed  simulation  codes  of  the  same 
general  type  as  CUPID.  They  also  find  that  one  can  use  the  heavy 
ion  data  to  predict  the  proton  data.  Again,  the  detailed  shape  of  the 
response  curve  must  be  taken  into  account  for  accurate  calculations. 

There  have  been  recent  attempts  to  reverse  this  procedure,  i.e.,  use 
the  proton  data  to  predict  the  heavy-ion  threshold;  they  have  met 
with  some  success  (59,60,62,63).  However,  threshold  alone  is  only 
sufficient  for  the  roughest  of  calculations.  It  is  necessary  to  specify 
the  shape  of  the  response  curve  for  accurate  predictions.  It  may  be 
possible  to  determine  the  shape  by  charge  collection  measurements  on 
test  structures  or  the  devices  themselves.  In  any  event,  this  approach 
is  controversial  and  should  be  tested  carefully  at  a  number  of  different 
laboratories  before  being  implemented. 

8.4  Conclusions 

Accurate  calculations  of  SEU  rates  have  been  carried  out  by  pro¬ 
cedures  of  the  type  described  in  this  tutorial.  They  require  accurate 
models  of  the  environment,  detailed  characterization  of  the  part  by 
extensive  SEU  testing,  and  a  reasonable  knowledge  of  the  electrical 
operation  of  that  device.  There  should  be  some  confidence  that,  in 
the  not  too  distant  future,  the  single-event  hard  errors  will  be  equally 
reliable.  Of  course  a  skeptic  might  argue  that  there  has  been  a  sig¬ 
nificant  weakness  in  the  successful  calculations  of  SEU  rates  in  space 
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to  date  which  inhibits  full  confidence  because  they  were  carried  out 
after  the  fact.  Knowing  the  correct  answer  might  introduce  subtle 
unconscience  bias  in  the  choice  of  the  value  of  the  threshold  LET  or 
the  dimensions  of  the  sensitive  volume  which  improves  the  agreement. 
Calculations  based  on  the  total  response  function  rather  than  a  single 
threshold  should  be  immune  to  this  criticism.  In  any  case,  this  skep¬ 
ticism  will  be  tested  in  the  near  future  when  the  CRRES  satellite  is 
launched.  A  number  of  groups  have  been  invited  to  place  predictions 
on  a  wide  range  of  parts  in  the  public  domain  before  the  satellite  is 
launched.  Pick  up  your  parts  list  from  your  friendly  CRRES  represen¬ 
tative  and  join  the  fun!  In  addition  to  providing  careful  flight  data  on 
a  number  of  parts  which  are  important  to  the  space  program,  CRRES 
will  also  have  a  variety  of  expirments  on  board  which  will  measure  the 
environments  including  the  energy  of  the  particles. 

Despite  the  genuine  successes  of  the  first-order  model,  there  are 
reasons  to  suspect  that  it  may  have  problems  with  this  genertion 
of  devices.  The  feature  sizes  are  reaching  dimensions  where  the  thin 
parallelpiped  may  not  describe  the  shape  of  the  sensitive  volume  (55). 
Enhanced  charge  collection  will  become  increasingly  important,  as  the 
junctions  become  smaller,  whether  it  is  due  to  edge  effects  (35)  or  de¬ 
fects.  The  pulse-height  spectra  observed  when  charge  collecting  from 
the  junctions  will  become  more  complicated  as  we  enter  the  "micro¬ 
dosimetry”  regime  with  the  advent  of  submicron  feature  sizes.  The 
loss  of  the  simple  geometric  relationships  which  connect  the  cross  sec¬ 
tion  with  the  angle  of  incidence  and  the  charge  collected  with  the  angle 
of  incidence  will  make  future  testing  and  analysis  more  complicated. 
Multiple  upsets  are  becoming  more  important,  requiring  greater  so¬ 
phistication  in  both  the  accelerator  experiments  and  in  recording  of 
space  data.  Improved  understanding  of  basic  mechanisms  of  multiple- 
upset  events  is  needed.  This  tutorial  ends  then,  appropriately  enough, 
with  a  partial  list  of  SEU-related  problems  which  require  attention. 


.  UNEXPLAINED  PHENOMENA 

Multipfe  Upwu 
Angvlar  Ocpn^Mc* 

Charge  CoUcctioa  venua  LET 
Enhanced  Charge  Cottcctinn  Eecma 


Fig.  58.  SEU  Phenomena  in  need  of  quantitative  models. 
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Charge  collection  measurements  were  carried  out  using  partially  depleted  silicon  devices.  The  amount  of  charge  collected  at  a 
given  junction  can  be  used  to  estimate  the  thickness  of  the  sensitive  volume  to  be  associated  with  that  junction.  The  assumption  that 
the  charge  generated  within  this  sensitive  volume  equals  the  charge  collected  at  the  junction  forms  the  basis  of  current  methods  of 
predicting  SEU  rates  for  components  exposed  to  the  natural  radiation  environments  of  space.  A  simple  analytic  expression  provides 
reasonable  agreement  with  the  experimental  results  of  charge  collection  with  alphas.  When  the  dimensions  estimated  from  this 
expression  were  used  in  Monte  Carlo  simulations  of  charge  generation  in  the  sensitive  volumes  through  proton-induced  spallation 
reactions,  the  results  were  found  to  be  in  good  agreement  with  measured  charge  collection  spectra. 


1.  Introduction 

Soft  errors  or  single  event  upsets  (SEU)  result  when 
ionizing  particles  traverse  SEU-sensitive  reversed-biased 
junctions  in  microelectronic  circuits.  These  particles  can 
be  isolated  cosmic  rays  or  secondary  particles  emerging 
from  nearby  spallation  reactions.  The  standard  models 
[1-3]  for  SEUs  assume  that  circuit  elements  change 
their  electrical  and  hence  their  logic  states  when  more 
than  some  critical  charge  is  collected  at  the  junction 
within  a  response  time  determined  by  the  circuit  param¬ 
eters.  The  charge  collected  has  a  fast  drift  component 
which  includes  the  charge  generated  in  the  depletion 
region  of  the  junction  and  the  charge  brought  in  by 
funneling  [4].  Expressions  for  the  thickness  of  the  deple¬ 
tion  layer  in  terms  of  the  doping  concentration  on  both 
sides  of  the  junction  and  the  applied  bias  are  given  in 
most  texts  on  semiconductor  physics  [Sj.  Hu  [6]  and 
Oldham  and  McLean  [7]  have  derived  expressions  for 
charge  collection  by  funneling  which  are  in  reasonable 
agreement  with  experimental  measurements.  Hu’s  model 
leads  to  a  thickness  value  for  the  drift  layers  which  is 
independent  of  the  stopping  power  or  linear  energy 
transfer  (LET)  of  the  incident  particles.  This  constant 
thickness  is  assumed  in  all  of  the  current  algorithms  for 
calculating  SEU  rates  in  space. 

in  many  important  device  technologies,  the  largest 
component  of  the  charge  collected  arrives  by  diffusion. 
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Previous  estimates  of  this  component  and  the  corre¬ 
sponding  thickness  of  the  sensitive  volume  involved 
random  walk  modeling  using  computer  simulations  [8]. 
A  simple  analytic  expression  has  been  recently  derived 
[9]  to  provide  an  alternative  estimate  of  the  charge 
collection  by  diffusion  assuming  random  walk.  The 
equivalent  thickness  t  of  the  layer  of  the  sensitive  volume 
corresponding  to  diffusion  is  given  in  ref.  (9): 

+  +  +  (1) 

where  t\t  is  the  diffusion  velocity,  r  is  the  minority 
carrier  lifetime,  I,  is  the  funneling  length  and  a  is  the 
radius  of  the  junction.  In  fast  devices,  only  the  charge 
collected  within  the  time  consunts  of  the  circuit  con¬ 
tribute  to  upsetting  the  circuit  element.  In  that  case,  the 
time  constant  (possibly  estimated  from  the  switching 
speed)  of  the  circuit  should  be  used  instead  of  t.  Eq.  (1) 
was  derived  for  a  particle  incident  along  the  axis  of 
symmetry  perpendicular  to  the  plane  of  the  junction. 
Somewhat  different  values  would  be  obtained  for  other 
trajectories,  but  this  expression  is  useful  for  estimating  a 
value  to  be  used  in  the  SEU  models  which  assume  that 
the  sensitive  volume  is  a  rectangular  parallelepiped. 

SEU  cross  sections,  calculated  for  memory  cells  of 
DRAM  devices  using  the  thickness  of  the  sensitive 
volume  estimated  from  this  formula  and  a  cross  sec¬ 
tional  area  obtained  from  the  heavy-ion  SEU  cross 
section,  were  in  good  agreement  with  the  SEU  cross 
sections  measured  with  energetic  protons  [8],  In  this 
paper,  we  present  experimental  measurements  of  the 
diffusion  component  of  the  thickness  and  compare  the 
values  obtain^]  with  the  calculated  values  for  a  p-i-n 
diode.  Also,  the  pulse-height  spectra  of  the  charge  col- 
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lection  (energy  deposition)  measurements  obtained  in 
exposures  of  UVlOO  and  the  YAG444  p-i-n  photodi¬ 
odes  to  beams  of  energetic  protons  are  compared  to 
Monte  Carlo  simulations  using  the  CUPID  (Clemson 
University  Proton  Interactions  in  Device)  code.  The 
code  simulates  the  nuclear  spallation  reactions  induced 
by  energetic  protons  and  calculates  the  energy  deposi¬ 
tion  within  a  sensitive  volume  having  dimensions  given 
by  the  junction  area  and  the  thickness  determined  by 
eq.  (I). 


2.  Experiment 

Fig.  1  is  a  schematic  diagram  of  the  experimental 
setup.  Alpha  particles  from  an  ^*'Am  source  were  used 
to  calibrate  the  system  and  to  measure  the  thicknesses 
of  the  sensitive  volume  to  be  associated  with  the  SEU- 
sensitive  junction.  The  alpha  exposures  were  carried  out 
in  a  vacuum  chamber.  The  multichannel  analyzer 
calibration  was  carried  out  before  and  after  the  experi¬ 
mental  measurements  using  silicon  surface-barrier  de¬ 
tectors  (50  or  100  |tm  thickness)  biased  at  voltages 
appropriate  for  being  fully  depleted.  The  proton  ex¬ 
posures  were  carried  out  at  the  Harvard  cyclotron  where 
energies  of  158  MeV  were  available  for  irradiation. 
Lower  energies  were  obtained  by  degrading  the  beam 
by  making  it  traverse  layers  of  Incite.  UVlOO  and 
YAG444  silicon  p-i-n  diodes  were  used  in  the  charge 
collection  measurements.  A  p-i-n  diode  consists  of 
highly  doped  p  and  n  layers  with  a  high  resistivity  i 
region  in  between.  The  i  region  is  either  an  intrinsic 
semiconductor  or  a  very  low  doped  p  or  n  layer.  The 
thickness  of  the  i  layers  of  both  detectors  are  weU 
beyond  the  26  pm  range  of  the  ^^'Am  alphas  used  in 
this  study.  The  p-i-n  diodes  used  in  these  experiments, 
the  UVlOO  and  the  YAG444,  are  planar  diffused  silicon 


Fig.  1.  Experimental  configuration  for  proton  irradiations  of  a 
semiconductor  device. 


photodiodes.  The  i  region  of  the  UVlOO  and  the 
YAG444  diodes  are  low  doped  n  and  p  layers,  respec¬ 
tively.  Each  p-i-n  diode  is  normally  operated  at  zero  or 
reverse  bias.  The  width  of  the  depletion  layer  could  be 
controlled  by  changing  the  value  of  the  appUed  bias. 

Any  electron-hole  pair  created  in  the  depletion  re¬ 
gion  will  be  separated  and  collected  efficiently  by  the 
electric  field.  The  major  portion  of  the  depletion  region 
lies  on  the  lightly  doped  high  resistivity  side  of  the 
junction.  Charges  created  outside  the  depletion  region 
are  collected  by  either  funneling.  diffusion,  or  both. 
Both  the  UVlOO  and  YAG444  are  optical  sensors  and. 
as  such,  have  sensitive  junctions  with  areas  which  are 
much  larger  than  those  typical  of  microelectronic  de¬ 
vices.  While  optical  sensors  do  not  upset  as  such,  radia¬ 
tion-induced  noise  is  an  important  concern  in  certain 
environments  including  space.  The  active  area  of  the 
UVlOO  is  5.1  mm^  and  the  active  area  of  the  YAG444  is 
1.0  cm^.  In  this  experiment,  the  device  surface  was 
aligned  normal  to  the  beam  path  while  the  energy- 
deposition  spectra  are  recorded  by  the  pulse-height 
analyzer  (PHA).  The  PHA  data  was  recorded  on  digital 
tape  and  floppy  disks. 

Two  seu  of  measurements  were  carried  out.  In  the 
first  set,  the  pulse-height  spectrum  obtained  with  5.3 
MeV  alphas  from  an  *'Am  source  were  used  to  esti¬ 
mate  the  thickness  of  the  sensitive  volume  correspond¬ 
ing  to  the  total  charge  collection.  The  peak  position 
obtained  from  the  energy-deposition  spectrum  was  con¬ 
verted  to  a  thickness  value  using  range-energy  tables. 
This  step  was  repeated  over  a  range  of  different  bias 
values  including  forward  and  reverse  bias.  The  bias  was 
applied  through  the  preamplifier  circuit.  In  the  case  of 
forward  bias  where  small  but  significant  currents  flow,  a 
major  fraction  of  the  bias  drop  is  across  resistors  inside 
the  preamplifier  and  only  a  small  fraction  of  the  voltage 
drop  is  across  the  detector.  The  current  increases 
dramatically  as  the  voltage  approaches  forward  bias, 
and  there  is  eventually  no  further  decrease  in  the  peak 
position  with  increased  bias.  At  this  point  the  charge 
collection  should  be  dominated  by  diffusion.  Moreover, 
the  noise  in  the  spectrum  increases  dramatically  at 
forward  bias.  The  important  parameters  in  the  measure¬ 
ments  arc  the  peak  positions  measured  on  the  ordinate 
in  fig.  2  at  reverse  bias  and  at  forward  bias  because  the 
relative  contributions  of  the  drift  and  diffusion  compo¬ 
nents  of  the  charge  collection  can  be  determined  from 
them.  The  ordinate  value  at  forward  bias  provides  the 
component  corresponding  to  diffusion  while  the  value 
at  reverse  bias  is  the  sum  of  the  drift  and  diffusion 
components. 

The  second  set  of  measurements  tested  the  CUPID 
simulation  codes  [3]  against  experiment.  For  this  set,  the 
pulse-height  spectra  were  recorded  while  the  devices 
were  exposed  to  proton  beams  from  the  Harvard 
Cyclotron.  The  proton  measurements  were  carried  out 
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BIAS  (volt) 

Fig.  2.  The  position  of  the  peak  in  the  energy-deposition 
spectra  obuined  with  ^^'Am  alphas  versus  the  bias  voltage 
applied  through  the  preampuner  for  the  UVlOO  and  YAG444. 
The  energy  deposition  can  be  converted  to  equivalent  thickness 
of  charge  collection  using  range-energy  tables. 

at  zero  and  reverse  bias,  values  for  which  the  depletion 
widths  are  given  by  the  manufacturer. 

3.  Results 

Table  1  lists  the  equivalent  thicknesses  for  the  charge 
collection  mechanisms  (drift,  funneling  and  diffusion) 
of  two  p-i-n  diodes  (the  UVlOO  and  the  YAG444). 
These  numbers  are  calculated  using  the  equations  in  ref. 
[9].  The  sum  of  the  three  thicknesses  will  give  the  total 
thickness  of  the  sensitive  volume  for  each  device.  The 
critical  charge  and  the  dimensions  of  the  sensitive 
volume  are  required  by  most  of  the  existing  codes  for 
calculating  the  single  event  upset  rate  in  space.  The  area 
is  taken  to  be  the  area  of  the  Junction. 


The  charge  collection  obtained  with  alpha  particles 
was  measured  as  a  function  of  the  reverse  and  forward 
bias  voltages.  Fig.  2  shows  the  peak  channel  from  the 
alpha  spectra  plotted  versus  the  applied  voltage  for  the 
UVlOO  and  the  YAG444.  It  shows  that  the  amount  of 
energy  deposited  decreases  with  increasing  bias,  pre¬ 
sumably  because  of  the  decrease  in  the  depletion  width. 
The  peak  channel  of  the  alpha  spectrum  corresponds  to 
the  most  probable  value  of  the  energy  deposited.  This 
value  is  convertible  to  the  charge  collected  or  the  equiv¬ 
alent  charge  collection  length.  At  the  highest  nominal 
forward  bias  (  +  50  V  for  UVlOO  or  +560  V  for 
YAG444)  the  current  increases  sharply  and  the  meas¬ 
ured  energy  deposited  no  longer  decreases  with  increas¬ 
ing  bias.  At  this  forward  bias  the  contributions  from 
charge  collected  by  drift  should  be  minimal  and  the 
contribution  of  diffusion  dominates  the  collection 
mechanisms.  The  horizontal  dashed  line  which  best 
represents  this  region  is  extended  to  intersect  the  >'-axis 
in  fig.  2.  The  value  at  this  point  of  intersection  repre¬ 
sents  the  energy  deposition  corresponding  to  charge 
collection  by  diffusion.  This  value  can  be  converted  to  a 
corresponding  thickness  using  range-energy  tables.  The 
value  obtained  for  the  UVlOO  is  18  pm.  The  theoretical 
value  obtained  using  eq.  (1)  is  14  |im.  The  difference 
between  the  theoretical  and  experinrental  value  is  just 
over  20%.  The  corresponding  values  for  YAG444  are  14 
and  12  pm,  a  difference  of  14%. 

The  thickness  of  the  depletion  region  of  the  UVlOO 
at  zero  bias  is  6.0  pm  and  the  fututeling  length  should 
be  2.0  pm  according  to  ref.  [6].  Adding  these  values  to 
the  value  of  the  thickness  corresponding  to  diffusion, 
one  obtains  the  total  theoretical  equivalent  thickness  of 
the  sensitive  volume  of  the  UVlOO.  The  value  obtained, 
22  pm,  agrees  with  the  thickness  of  23  pm  estimated 
from  the  alpha-deposition  spectrum  for  the  same  device 
at  zero  bias. 

The  thickness  of  the  depletion  width  at  zero  bias  for 
the  YAG444  is  22  pm  and  the  funneling  length  is  66 
pm  using  Hu's  model  [6].  The  equivalent  diffusion 
thickness  is  estimated  to  be  14  pm  using  eq.  (1).  The 
total  thickness  should  therefore  be  102  pm.  Unfor- 


Table  1 

The  equivalent  thicknesses  for  the  charge  collection  mechanisms  (drift,  fast  drift  or  funneling  and  diffusion)  of  p-i-n  diodes  (UVlOO 
and  YAG444).  The  third  column  represents  the  measured  thickness  of  the  sensitive  volume  using  the  alpha  deposition  spectrum. 


Device 

type 

Bias 

voltage 

(VI 

Alpha 

measured 

[pm] 

Depletion 

width 

(pm] 

Funneling 

length 

(pm) 

Thickness 
equivalent 
diffusion  [pm] 

Total 

thickness 

[pm] 

UVlOO 

0.0 

23.4 

6.0 

2.0 

14.3 

22.3 

UVlOO 

-5.0 

N/A 

22.0 

6.6 

14.3 

42.9 

YAG444 

0.0 

N/A 

22.0 

66.0 

14.0 

102.0 
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Fig.  3.  Comparison  between  experimental  measurements  and 
the  CUPID  code  simulations  at  0  V  UVlOO  p-i-n  diode 
exposed  to  40  and  148  MeV  incident  proton  energies.  The 
ordinate  is  the  cross  section  for  depositing  at  least  the  amount 
of  energy  given  by  abscissa. 


tunately  no  experimental  measurements  could  be  done 
for  the  total  thickness  because  of  the  short  range  of 
alphas  from  ^^'Am  which  is  only  about  26  pm. 

An  indirect  test  of  the  thickness  of  the  equivalent 
sensitive  volume  can  be  obtained  by  comparing  meas* 
urements  obtained  with  energetic  protons  with  simula¬ 
tion  calculations  carried  out  using  the  dimensions  of  the 
sensitive  volume  estimated  above.  The  area  of  the  sensi¬ 
tive  volume  is  assumed  to  be  the  area  of  the  junction. 
Fig.  3  shows  CUPID  calculations  of  the  integral  cross 
section  for  collecting  at  least  some  value  of  charge 
versus  that  value  of  the  charge,  where  the  charge  col¬ 
lected  is  given  in  energy  deposition  units  (1  MeV  —  44 
fC).  The  area  and  the  thickness  of  the  sensitive  volume 
are  inputs  to  the  code  besides  the  energy  of  the  incident 
protons.  The  experiments  were  carried  out  at  zero  bias 
and  the  values  of  the  thickness  of  the  sensitive  volume 
from  table  1  were  used  in  the  CUPID  simulations.  The 
agreement  between  the  simulation  and  the  experimental 
charge-collection  spectra  for  the  UVlOO  shows  that 
these  techniques  provide  values  of  the  dimensions  of  the 
sensitive  volume  which  are  useful  in  simulations  even 
for  large  area  devices. 

The  comparison  for  -  5.0  V  are  shown  in  fig.  4.  The 
total  equivalent  thickness  for  the  UVlOO  at  -  5  V  is  43 
pm.  Again,  the  experimenul  values  exceed  the  theoreti¬ 
cal  at  low  incident  energies.  The  algorithms  in  CUPID 
are  only  designed  for  incident  energies  above  SO  MeV. 
However,  the  model  appears  to  provide  a  reasonable 
lower  limit  to  the  energy-deposition  spectra  even  at 
energies  below  SO  MeV.  The  close  agreement  at  higher 
energies  is  evidence  for  the  validity  of  our  estimate  of 


Energy  Deposited  (MeV) 

Fig.  4.  Comparison  between  experimental  measurements  and 
the  CUPID  code  simulations  at  -5.0  V  for  UVlOO  p-i-n 
diode  exposed  to  40  and  148  MeV  incident  proton  energies. 

the  thickness  as  well  as  the  usefulness  of  the  codes.  Fig. 
S  compares  the  ptou  of  integral  cross  section  versus  the 
energy  deposited  (charge  collected)  obuined  from 
CUPID  simulations  with  the  curve  obtained  from  ex¬ 
perimental  measurements  with  the  YAG444.  There  is 
considerably  poorer  agreement  at  148  MeV  in  this  case 
than  was  true  for  the  UVlOO.  The  theoretical  shapes  arc 
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Fig.  5.  Comparison  between  simulations  using  the  CUPID 
codes  and  experimental  measurements  at  0  V  bias  for  the 
YAG444  p-i-n  diode  exposed  to  30  and  148  MeV  incident 
proton  energies. 


XVII.  RADIATION  PROCESSING 


I2S0 


H'.C.  AbM-Kader  ttti.  /  Charge  ccUection  measurements 


umilar  to  the  expehmenul  specua  at  low  incident  pro¬ 
ton  energies  for  both  detectors  but  there  is  a  significant 
difference  in  the  number  of  events.  At  148  MeV  the 
number  of  events  are  in  reasonable  agreement  but  the 
shape  differs  from  the  experimental  spectrum  for  the 
YAG444  while  the  fit  is  excellent  for  the  UVIOO. 


4.  Condusioa 

Comparison  between  the  thickness  measured  from 
the  alpha  spectrum  obtained  with  the  UVIOO  at  zero 
bias  and  the  value  estimated  by  using  the  equations  in 
ref.  [9]  shows  good  agreement  which  implies  that  the 
technique  can  be  used  to  estimate  the  thidtness  for 
partially  depleted  devices,  particularly  if  the  doping 
concentration  is  well  defined.  The  bias  voltage  and  the 
area  of  the  junction  are  also  required.  A  procedure  for 
separating  the  diffusion  component  from  the  drift  com¬ 
ponent  of  the  charge  collection  is  described.  Reasonable 
agreement  with  the  expressions  given  in  ref.  [9)  is  ob¬ 
tained.  The  agreement  of  the  charge  collection  measure¬ 
ments  with  the  CUPID  calculations,  which  use  the 
dimensions  of  the  sensitive  volume  predicted  by  the 
technique,  confirms  the  ability  of  the  CUPID  code  to 
simulate  the  energy  deposition  for  partially  depleted 
devices.  The  poor  agreement  for  the  partially  dqiieted 
YAG444  device  at  zero  bias  may  be  due  to  an  error  in 
the  correct  thickness  of  the  equivalent  sensitive  volume. 
The  thickness  of  the  sensitive  volume  of  the  unbiased 


YAG444  is  greater  than  the  range  of  the  alphas  from 
^'Am  and  so  could  not  be  measured  directly  with  the 
alphas  from  a  radioactive  source. 
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ABSTRACT 

Charge  collection  measurements  were  carried  out 
on  HI^L  transistors  in  GaAs  in  order  to  determine 
the  thickness  of  the  equivalent  sensitive  volume  to  be 
used  in  calculating  SEU  rates  for  this  technology  and 
to  set  a  new  lower  limit  to  the  critical  charge.  The 
measurements  were  in  the  form  of  pulse-height  spec¬ 
tra  measured  between  the  base-emitter  and  collector- 
emitter  contacts  upon  exposure  to  energetic  protons, 
alphas,  and  sulfur  ions.  The  sulfur  data  is  consis¬ 
tent  with  the  SEU-sensitive  junction  being  the  base- 
emitter  junction  with  an  equivalent  sensitive  volume 
of  thickness  0.1  fim  for  high  LET  particles.  This 
value  of  the  thickness  of  the  equivalent  sensitive  vol¬ 
ume  is  a  factor  of  two  thinner  than  the  value  pre¬ 
viously  used  to  estimate  error  rates  in  space  and  b 
a  factor  of  three  thinner  than  estimates  based  on 
alphas  which  have  lower  LET.  Comparison  of  the 
proton  charge-collection  data  with  earlier  SEU  mea¬ 
surements  results  in  a  revision  of  our  estimate  of 
the  lower  limit  to  the  critical  charge  for  HI^L  gate 
arrays  to  a  value  which  is  higher  than  previous  esti¬ 
mates  by  more  than  a  factor  of  two.  The  combina¬ 
tion  of  reduced  charge  collection  and  higher  critical 
charge  implies  that  this  technology  will  be  consider¬ 
ably  harder  to  SEUs  than  previously  believed. 

INTRODUCTION 

Texas  Instruments*  HPL  bipolar  GaAs  gate  ar¬ 
rays  conBgured  as  shift  registers  have  been  shown 
to  be  very  resistant  to  single,  event  upsets  (SEU) 
induced  by  energetic  ions  with  moderately  high  val¬ 
ues  of  linear  energy  transfer  (LET)  at  normal  inci¬ 
dence  (1).  The  explanation  proposed  for  this  hard¬ 
ness  to  SEUs  was  reduced  charge  collection  at  the 
base-emitter  junction  due  to  it  being  a  heterojunc- 

•  Currently  at  the  University  of  Arisona,  Tucson, 
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tion.  The  heterojunction  allows  higher  doping  and, 
hence,  a  thinner  base.  Inefficient  charge  collection 
prevents  the  contribution  to  the  base  current  from 
being  sufficient  to  both  forward  bias  the  base-emitter 
junction  and  to  stear  current  from  one  transistor  to 
the  next.  The  gate  arrays  were  laid  out  in  crystals 
grown  by  molecular  beam  epitaxy  (MBE)  and  there 
is  the  question  of  whether  the  charge  collected  would 
be  similarly  reduced  in  crystals  grown  by  MOCVD. 
A  schematic  of  the  HPL  transistor  is  shown  in  Fig.l. 
The  base-emitter  junction  consist  of  a  heterojunc- 
tion  while  the  base  contact  forms  a  junction  with 
the  emitter  in  the  AlGaAs  layer. 


GaAs  BIPOLAR  HI^L 


Fig.(l)  Schematic  of  Hl^L  transistor. 


Only  two  SEUs  were  observed  in  the  earlier  exper¬ 
iments  and  both  were  coincident  with  power  surges 
associated  with  shutter  openings,  one  of  which  tripped 
other  computer  equipment.  The  paucity  of  SEU 
events  made  it  impossible  to  determine  the  error 
rates  to  be  expect^  in  space  with  this  technology 
because  the  values  of  the  thickness  of  the  equivalent 
sensitive  volume  (SV)  and  the  critical  charge  to  be 
used  in  calculations  were  left  unresolved.  Even  if 
both  events  were  accepted  as  valid,  i.e.  induced  by 
ions,  the  resulting  cross  sections  are  smaller  than  ex¬ 
pected  from  the  lateral  dimensions  of  the  sensitive 
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junction.  The  thicknesa  of  the  equivalent  SV  was  es¬ 
timated  from  design  considerations  to  be  about  0.2 
pm  and  when  this  value  was  combined  with  lower 
limits  on  the  critical  charge  determined  from  heavy- 
ion  measurements  and  used  in  CREME  (2)  and  CRUP 
(3)  simulations  to  determine  upper  limits  on  the  er¬ 
ror  rates  to  be  expected  in  Adams'  90%  worst-case 
environment  (2),  the  results  (1)  suggested  that  the 
device  is  intrinsically  hard  with  most  of  the  simu¬ 
lated  errors  resulting  from  ions  traversing  the  SV  at 
large  angles  with  respect  to  normal  incidence. 

This  paper  reports  on  charge  collection  measure¬ 
ments  made  on  Hl^L  transistors  exposed  to  parti¬ 
cles  of  different  LET  and  subjected  to  the  nuclear 
reactions  induced  by  energetic  protons.  Direct  mea¬ 
surements  of  charge  collection  at  the  junction  fol¬ 
lowing  traversal  by  beam  particles  of  known  charge, 
mass,  and  energy  are  used  to  determine  the  vertical 
dimension  of  the  SV  associated  with  the  junction. 
Test  structures  implemented  in  crystals  grown  by 
both  MBE  and  MOCVO  techniques  were  studied  to 
determine  whether  the  amount  of  charge  collected 
differs  between  the  two  crystal  types.  Because  the 
base  structures  are  so  thin  in  these  devices,  charged 
particles  have  to  have  long  path  lengths  within  the 
SV  In  order  to  deposit  much  energy.  Since  recoiling 
nuclear  fragments  from  fragmentation  reactions  have 
high  LET  and  traverse  the  junction  at  all  angles  of 
incidence,  they  provide  an  efficient  method  of  induc¬ 
ing  large  pulses  across  the  junction.  The  pulse  height 
spectra  of  charge  collected  at  the  base-emitter  junc¬ 
tion  during  proton  irradiation  were  measured  and 
the  data  plotted  as  an  integral  cross  section  for  col¬ 
lecting  at  least  some  value  of  charge  Q  versus  Q.  The 
critical  charge,  Q«,  can  then  be  estimated  by  assum¬ 
ing  Qc  to  be  the  value  of  Q  for  which  the  cross  sec¬ 
tion  for  depositing  at  least  Qc  equals  the  SEU  cross 
section  per  transistor  for  the  functioning  device.  In 
other  words,  if  n  SEU  events  are  observed  in  a  given 
exposure  and  a  charge-collection  spectra  is  obtained 
over  an  identical  exposure,  then  we  assume  that  the 
n  largest  charge-collection  events,  measured  in  the 
same  exposure,  would  intiate  SEUs  and  the  lowest 
value  of  Q  obtained  for  these  n  events  becomes  the 
critical  charge.  Unfortunately,  since  no  SEUs  had 
been  observed  in  the  earlier  proton  irradiations,  the 
charge-collection  spectra  could  not  be  used  to  deter¬ 
mine  the  critical  charge  directly.  However,  the  data 
could  be  used  to  establish  a  new  lower  limit  on  its’ 
value. 


EXPERIMENTAL  MEASUREMENTS 

In  this  experiment,  charge  collection  at  the  base- 
emitter  junction  was  measured  for  alpha  particles 
from  an  Americium  source  in  two  ways:  First,  the 
time  profiles  of  typical  pulses  were  measured  us¬ 
ing  a  Tektronix  7912AD  Transient  Digitizer.  The 
device  under  test  was  biased  through  a  Tektronix 
FET  probe  (Model  P6201)  with  the  output  from  the 
probe  connected  to  the  digitizer.  Alpha  traversals 
initiated  transient  pulses  across  the  biased  junction 
which  were  recorded  by  the  digitizer  circuit.  The 
measurements  were  carried  out  in  a  heavily  shielded 
room  with  batteries  used  to  apply  biases.  These  pre¬ 
cautions  were  necessary  to  reduce  the  reception  of 
electromagnetic  noise  from  the  power  line  and  other 
sources.  The  resolution  of  the  system  was  limited 
by  the  probe  but  remained  under  2  nsec.  Figure 
2  shows  a  typical  sequence.  The  voltage  given  by 
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Fig. (2)  Time  profile  of  pulse  obtained 
with  transistor  exposed  to 
5.46  Mev  alphas. 

the  ordinate  is  proportional  to  the  current  at  that 
time  interval  after  the  alpha  strike.  The  large  signal 
following  t  =  0  represents  the  charge  collected  imme¬ 
diately  after  an  alpha  strike.  While  the  pulse  profile 
shown  refiects  the  time  constants  of  the  measuring 
network  as  well  as  the  sequence  of  charge  collection, 
the  measurements  do  establish  that  essentially  all 
the  charge  collected  from  an  alpha  strike  is  collected 
within  10  nsec.  Beyond  10  nsec  the  signal  is  indistin¬ 
guishable  from  the  background  signal  obtained  with 
the  source  removed.  Since  all  or  most  of  the  charge 
is  collected  promptly,  slower  circuitry  can  be  used  to 
measure  the  total  charge  collected  in  each  event. 

The  experimental  configuration  shown  in  Fig.  3 
was  used  to  measure  the  total  charge  collected  in  in¬ 
dividual  events.  This  is  the  standard  configuration 
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Fig. (3)  Schematic  of  setup  for  charge 
collection  measurements  on  test-structure 
transistor. 

for  measuring  events  in  nuclear  solid  state  detec¬ 
tors.  A  charge-sensitive  preamplifier  was  connected 
across  the  leads  to  the  base-emitter  junction  with 
the  base  biased  at  0.8  V  through  the  preamplifer 
and  the  emitter  connected  through  the  substrate  to 
ground.  The  collector  was  biased  at  2  V.  The  sig¬ 
nals  from  the  preamplifier  were  amplified  and  then 
sorted  according  to  pulse  height  in  the  PHA  (pulse- 
height  analyzer).  The  location  of  an  event  on  the 
PHA,  i.e.  the  voltage  of  each  signal  emerging  from 
the  amplifier,  is  proportional  to  the  charge  collected 
in  that  event.  The  PHA  system  was  calibrated  using 
fully  depleted  surface  barrier  detectors  and  pulsers 
(See  Ref.  6).  Note  that  charge  collection  is  often  ex¬ 
pressed  in  terms  of  the  more  familiar  units  of  energy 
deposition  (MeV)  used  here.  To  convert  from  MeV 
to  pC  divide  by  30. 

Exposures  to  148  MeV  and  70  MeV  protons  were 
carried  out  at  the  Harvard  Cyclotron.  For  the  pro¬ 
ton  irradiations  the  transistors  were  inside  an  alu¬ 
minum  can  with  walls  0.025  in.  thick.  The  irradia¬ 
tions  to  32.9  MeV  sulfur  ions  were  carried  out  under 
vacuum  at  the  Tandem  Van  de  Graaff  accelerator 
at  the  University  of  Pittsburgh.  The  alpha  irradi¬ 
ations  were  carried  out  with  an  Americium  source 
under  vacuum  at  Clarkson  University  and  repeated 
at  each  of  the  accelerator  facilities  as  a  test  that  the 
calibration  was  maintained.  All  exposures  described 
in  thu  paper  were  carried  out  at  normsd  incidence. 
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Figure  4  shows  the  charge-collection  spectrum  mea¬ 
sured  across  the  base-emitter  junction  during  expo¬ 
sure  of  a  single  transistor  to  alphas.  The  values  of 
charge  collected  are  traditionally  expressed  in  terms 
of  the  units  of  energy  deposited,  MeV.  The  median 
value  of  the  charge  collected  expressed  this  way  is 
0.074  MeV  where  iMeV  =  33  fC.  The  width  of  the 
peak  in  the  charge-collection  spectra  shown  in  Fig. 

4  is  not  due  to  noise  or  leakage  current  which  was 
determined  to  be  below  1  Kev  by  removing  the  al¬ 
pha  source.  It  may  be  the  combined  result  of  the 
differences  in  path  lengths  through  the  sensitive  vol¬ 
ume  due  to  the  angular  spread  of  the  alphas  emerg¬ 
ing  from  the  source,  differences  in  energy  deposition 
due  to  straggling,  and  possible  variation  in  charge 
collection  due  with  location  of  the  point  of  traversal 
within  the  base.  The  corresponding  spectrum  ob¬ 
tained  with  sulfur  ions  which  have  a  smaller  angular 
dispersion  and  generate  far  more  electron-hole  pairs 
200^ 
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Fig.(4)  Typical  pulse-height  spectra  of 
pulses  measured  using  setup  shown  in  Fig. 

(3)  with  the  device  exposed  to  alphas. 

per  traversal  is  shown  in  Fig.  5a.  It  has  a  narrower 
peak  than  the  alpha  spectrum. 

Modeb  which  use  the  computational  artifice  of  re¬ 
placing  each  SEU-sensitive  junction  by  an  equiva¬ 
lent  SV  assume  either  that  the  charge  collected  at 
the  junction  in  energy-deposition  units  equals  the 
product  of  the  LET  of  the  particle  in  MeV  per  mi¬ 
cron  and  its’  pathlength  through  the  SV  or  they  do 
a  comparable  calculation  using  range-energy  tables  (>-4). 
Therefore,  the  thickness  of  a  thin  SV  can  be  obtained 
from  the  ratio  of  the  energy  deposited  and  the  LET 
of  the  particle  at  the  level  of  the  junction.  The  value 
of  the  thickness  obtained  this  way  and  the  spread  in 
thickness  corresponding  to  the  spread  in  energy  de¬ 
positions  observed  in  Fig.  4  are  listed  in  Table  1. 
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Fig.(S)  Charge  collection  pulae-height  spe- 
*ctra  for  individual  HI*L  transistor  exposed 
to  32.9  Mev  Sulfur  ions  obtuned  for  meas- 
-urements  across  a)base^initter  junction 
and  b)collector>emitter  contacts. 
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Table(l)  Charge  collection  and  equivalent 
thicknesses. 

Similar  measurements  were  carried  out  for  arrays 
of  nineteen  transistors.  Two  arrays  were  tested.  The 
transistors  in  one  array  had  a  fan  .at  of  4,  meaning 
that  each  transbtor  had  four  Shottky  diode  connec* 
tions  as  shown  in  Fig.  1,  while  the  other  array  had 
one  long  diode  per  transbtor.  Table  1  shows  no  dif¬ 
ference  in  charge  collection  between  the  two  fanouts. 


There  b  about  a  13  %  difference  between  the  en¬ 
ergy  clepoeiioj  iu  Ike  MDE  aad  MOCVD  melerials. 
Thb  nay  be  due  to  differences  in  the  junctions  or 
due  to  the  fact  that  there  are  nineteen  transbtore 
in  parallel  in  the  MOCVD  material  as  opposed  to 
a  single  tranabtor  in  the  MBE  crystal.  Even  if  the 
difference  between  the  value  of  the  energy  deposited 
in  the  individual  transbtor  and  the  value  obtained 
for  the  nineteen  transbtor  arrays  b  attributed  en- 
tbely  to  differences  in  charge  collection  at  MBE  and 
MOCVD  heterojunctions,  it  amounts  to  leas  than 
a  IS  difference.  Thb  b  important  because  it 
means  that  'witching  between  MBE  and  MOCVD 
material  which  have  different  doping  profiles  across 
the  heterojunction  results  in  only  small  differences 
in  charge  collection.  Moreover,  such  a  small  differ¬ 
ence  between  the  single  transbtor  and  the  arrays 
of  nineteen  transbtors,  gives  some  confidence  that 
charge  collection  data  obtained  with  test  structures 
does  represent  the  charge  coUection  to  be  expected 
in  functioning  circuit  elements. 

The  charge-collection  pube-height  spectra  obudned 
for  a  single  HPL  transbtor  exposed  to  32.9  MeV 
sulfur  ions  are  shown  in  Figs.  5a  and  Sb  for  measure¬ 
ments  across  the  base-emitter  junctions  and  between 
the  collector  and  emitter  contacts,  respectively.  There 
are  two  peaks  in  Fig.  5a.  One  peak  represents  ion 
traversab  of  the  base-emitter  heterojunction  whib 
the  other  probably  represents  traversab  of  the  junc¬ 
tion  in  the  AlGaAs  between  the  emitter  and  the  base 
contact  (See  Fig.  1).  We  assume  in  what  follows  that 
the  higher  energy  signab  represent  charge  collection 
at  the  base-emitter  heterojunction  because  the  dop¬ 
ing  level  in  the  base  b  lower  than  in  the  base  con¬ 
tact.  Then,  the  peak  at  higher  energy  depositions 
corresponds  to  charge  collection  at  the  base-emitter 
junction  of  17  fC  or  an  energy  deposition  of  0.51 
MeV.  Assuming  an  LET  of  4.8  MeV//im  (5),  thb 
implies  an  equivalent  thickness  of  the  sensitive  vol¬ 
ume  for  the  base-emitter  junction  of  0.11  /<m.  The 
lower  peak  b  at  roughly  3  fC  or  0.1  MeV. 

The  corresponding  spectra  measured  across  the 
collector  and  emitter  contacts  b  shown  in  Fig.  5b. 
The  highest  peak  b  at  15.5  MeV.  These  transbtors 
were  designed  to  have  a  gain  of  about  25  between 
input  signab  at  the  base  to  output  at  the  colbc- 
tor.  If  one  assumes  that  the  signal  originates  as 
charge  collected  across  the  base-emitter  heterojunc- 
tion  and  that  the  gain  of  the  transbtor  b  25,  the 
15.5  MeV  peak  corresponds  to  collecting  21  fC  or 
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0.6  MeV  Across  the  base-emitter  junction.  If,  again, 
an  LET  of  4.8  MeV//tm  is  assumed,  one  obtains  an 
equivalent  thickness  of  the  SV  of  0.13  ftm  in  reason¬ 
able  agreement  with  the  value  of  0.11  /im  obtained 
directly  off  tbe  base-emitter  junction.  Both  the  base 
and  collector  signals  appear,  therefore,  to  be  domi¬ 
nated  by  the  charge  collected  across  the  base-emitter 
junction.  The  spectra  measured  at  the  collector  has 
less  definition  than  that  measured  at  the  base,  prob¬ 
ably  the  result  of  measuring  from  only  one  of  the  four 
Schottky  contacts  (See  Fig.  1).  This  introduced  a 
wide  dispersion  in  path  lengths  travelled  by  charge 
reaching  the  collector. 

The  peak  values  of  the  charge  collected  for  the  dif¬ 
ferent  irradiations  are  compared  in  Table  1  in  units 
of  energy  deposition  along  with  the  corresponding 
values  of  the  equivalent  thickness  of  the  SV.  The 
value  of  the  equivalent  thickness  obtained  for  the 
sulfur  irradiations  is  significantly  smaller  than  that 
obtained  for  alphas  on  the  same  transistor.  More 
data  at  different  LET  values  are  needed  to  confirm 
that  the  thickness  decreases  with  increasing  LET  but 
a  similar  decrease  with  increasing  LET  has  been  re¬ 
ported  for  silicon  devices  (6).  Such  a  decrease  would 
indicate  a  significant  increase  in  recombination  with 
increasing  LET. 

The  pulse-height  spectrum  obtained  from  mea¬ 
surements  of  charge  collection  across  a  single  base- 
emitter  junction  exposed  to  70  MeV  protons  is  shown 
in  Fig.  6.  This  is  an  integrated  spectrum  with  the 
number  of  events  in  which  energy  E  was  deposited 
plotted  versus  E.  The  largest  deposit  of  energy  mea¬ 
sured  during  an  exposure  of  the  transistor  to  a  fiu- 
ence  of  7.1  x  10*'  protons/cm’  is  9.4  MeV  or  313 
fC.  The  absence  of  errors  in  a  previously  reported 


Fig.(6)  Charge  collection  pulse-height  spe- 
-ctra  obtained  across  base-emitter  junction 
for  transistors  exposed  to  70  Mev  protons. 


irradiation  of  a  4K  gate  array  containing  320  SEU- 
sensitive  transistors  would  suggest  that  a  lower  limit 
to  the  critical  charge  can  be  set  at  least  at  the  high¬ 
est  value  measured  in  this  experiment  313  fC. 

PROJECTED  ERROR  RATES 

The  new  lower  limit  on  the  critical  charge  and  the 
new  values  for  the  thickness  of  the  sensitive  volume 
to  be  associated  with  the  base-emitter  junction  can 
be  used  to  improve  our  estimate  of  the  error  rates 
to  be  expected  in  space.  First,  the  errors  per  bit- 
day  for  Adams’  90  %  worst-case  environment  can  be 
obtained  from  Peterson’s  formula,  as  modified  for 
GaAs  in  Ref.  1.  Using  the  lateral  dimensions  of 
the  base-emitter  junction  given  in  Ref.  1  as  those  of 
the  SV  and  the  .'hickness  of  the  SV  obtained  from 
this  work,  we  obtain  error  rates  of  6.7  x  10~*, 
4.3  X  10“*,  and  5.7  x  10"*  errors  per  bit  day 
for  thicknesses  of  0.11  pm,  0.28  pm,  and  0.32  pni, 
respectively.  The  small  difference  between  tbe  sec¬ 
ond  and  third  values  suggest  that  switching  between 
MBE  and  MOCVD  should  only  have  a  small  impact 
on  the  error  rates  to  be  expected  in  space  if  charge 
collection  is  the  only  factor  involved.  The  large  dif¬ 
ference  between  the  first  error  rate  and  the  other 
two  means  that  the  uncertainty  in  which  value  of 
the  thickness  of  the  SV  should  be  used  introduces 
large  uncertainties  in  the  error  rate. 

The  dependence  of  the  error  rate  in  Adams’  90  % 
worst-case  environment  on  the  value  of  the  critical 
charge  is  illustrated  in  Fig.  7  which  compares  plots 
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Fig. (7)  Error  rate  versus  critical  charge  for 
HI^L  transistor  with  thicknesses  of  0.11 
Itm  and  0.32  pm. 
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of  the  error  rates  given  by  the  CREME  codes  (2)  for 
a  SV  having  the  lateral  dimensions  of  the  base  and 
thicknesses  of  0.11  and  0.32  /im.  If  we  assume  that 
the  0.11  fun  value  of  the  equivalent  thickness  is  more 
typical  of  the  high  LET  particles  which  cause  upsets, 
the  error  rate  from  Fig.7  for  a  critical  charge  of  313 
fC  is  3.2  X  10~*.  A  more  conservative  estimate 
obtained  from  using  the  thickness  determined  from 
the  alpha  data,  i.e.  the  curve  labeled  0.32  in  Fig. 

7,  is  2.5  X  10~*.  Comparison  of  the  two  curves  in 
Fig.  7  provides  further  illustration  that  a  large  un¬ 
certainty  in  error  rate  over  a  wide  range  of  critical 
diarge  results  from  the  lack  of  certainty  regarding 
the  thickness  of  the  sensitive  volume. 

SUMMARY 

Comparison  of  charge  collection  measurements  across 
the  base-emitter  junction  carried  out  on  HI^L  tran¬ 
sistors  does  not  show  significant  differences  in  charge 
collection  between  junctions  in  MBE  and  MOCVD 
grown  crystab.  The  pulse-height  spectra  appear  to 
confirm  that  the  base-emitter  junction  has  a  thin 
sensitive  volume  associated  with  it.  Moreover,  the 
values  of  the  thickness  of  the  sensitive  volume  ob¬ 
tained  with  low-LET  alphas  are  greater  than  the 
value  obtained  with  32.0  MeV  sulfur  ions  which  has 
a  much  higher  LET.  Thb  may  be  the  result  of  in¬ 
creased  recombination  along  the  track  of  high  LET 
particles.  Since  long  exposures  to  63  MeV  protons 

do  not  result  in  SEUs  (1)  and  measurements  re¬ 
ported  here  show  charge  collection  pulses  of  as  high 
as  313  fC  during  less  intense  proton  exposures  at 
similar  energies,  one  can  set  313  fC  as  a  new  lower 
limit  to  the  critical  charge.  Using  this  value  for 
the  critical  charge  and  the  thickness  of  the  sensi¬ 
tive  volume  obtained  from  the  sulfur  irradiations  in 
CREME  calculations,  one  obtains  an  upper  limit  to 
the  projected  error  rate  in  Adams’  90  %  worst-case 
environment  of  3.2  x  10~*,  a  value  much  lower  than 
our  previous  estimate  of  7  x  10~^.  Ion  irradiations 
at  higher  LET  will  be  necessary  to  determine  the  ac¬ 
tual  critical  charge  for  these  shift  registers.  Further 
studies  of  charge  collection  as  a  function  of  LET  and 
angle  of  incidence  are  planned. 
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Charge  collection  in  partially  depleted  GaAs  test  structures  induced 
by  alphas,  heavy  Ions,  and  protons 
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(Received  4  June  1990;  accepted  for  publication  10  September  1990) 

Charge-collection  measuremenu  on  test  structures  were  carried  out  for  events  induced  by 
alphas,  heavy  ions,  and  proton-induced  nuclear  reactions  over  a  variety  c^bias  values  and  for 
two  dojmg  tevels.  Analysis  of  charge-collection  pulse-height  spectra  provides  the  shape  and 
dimensitms  of  the  sensitive  volume  associated  with  the  single-event  upset  (SEU)  sensitive 
junctions.  The  critical  charge  is  determined  by  the  circuit  design.  The  critical  charge  and  the 
dimensions  of  the  sensitive  volume  are  required  by  all  the  existing  codes  dealing  with  the 
calculation  of  SEU  rates  in  natural  space  environments.  The  dimensions  of  the  sensitive 
volume  determined  for  some  Rockwell  GaAs  test  structures  were  used  in  simulations  of  charge 
collection  by  proton-induced  nuclear  reactions  using  the  Clemson  University  Proum 
Interactions  in  Devices  codes.  Comparison  of  the  results  with  experimental  data  yields 
agreement. 


I.  INTRODUCTION 

The  mechanism  by  which  single-event  upset  (SEU) 
events  are  initiated  in  Si  and  GaAs  circuits  is  the  collection  of 
more  than  a  critical  charge  at  a  reverse-biased  junction  with¬ 
in  some  time  interval  after  the  junction  is  traversed  by  an 
ionizing  particle.  This  interval  is  determined  by  the  time 
constants  of  the  circuit  of  which  the  junction  is  a  part.  Cir¬ 
cuits  can  be  hardened  against  SEUs  by  increasing  the  critical 
charge,  altering  the  time  constants  of  the  circuit,  or  intro¬ 
ducing  fault-tolerant  algorithms  into  the  system  architec¬ 
ture.  However,  the  application  of  any  of  these  fixes  with  a 
minimum  of  performance  tradeoff  requires  precise  knowl¬ 
edge  of  the  SEU  rates  to  be  expected  before  and  after  the  fix. 
This,  in  turn,  requires  a  quantitative  understanding  of  the 
charge  collection  at  the  SEU-sensitive  junctions  of  the  cir¬ 
cuits. 

The  Qarkson  University  Proton  Interactions  in  Devices 
(CUPID)  codes  have  been  shown  to  accurately  predict  the 
charge  generation  in  fully  depleted  Si  surface-barrier  detec¬ 
tors  over  a  wide  range  of  incident  proton  energies  where  the 
thickness  of  the  detectors  was  varied  from  2.S  to  97  /rm.'** 
However,  the  codes  have  never  been  proven  to  work  for 
GaAs  devices  nor  have  they  been  tested  against  measure¬ 
ments  with  partially  depleted  structures  in  either  GaAs  or  Si. 
The  codes  have  been  shown  to  be  useful  in  predicting  proton- 
induced  SEUs  from  first  principles  for  Si  devices  for  which 
sufficient  process  information  was  known  and  for  which  suf¬ 
ficient  heavy  ion  data  were  available.  These  devices  included 
SEU-sensitive  structures  which  were  partially  depleted.  The 
approach  was  to  assume  the  validity  of  the  first-order  model 
used  in  all  SEU  algorithms  for  calculating  rates  in  space, 
i.e.,  represent  the  SEU-sensitive  junction  by  an  equivalent 
sensitive  volume.  This  sensitive  volume  extends  on  both 
sides  of  the  junction  by  an  amount  at  least  equal  to  the  space- 
charge  layers  which  make  up  the  depletion  region.  In  order 
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to  be  useful  in  modeling  SEU  sensitivity,  the  dimensions  of 
the  sensitive  voliune  should  be  independent  of  the  linear  en¬ 
ergy  transfer  (LET)  of  the  incident  charged  particle.  The 
sensitive  volume  is  a  mathematical  artifice;  its  dimensions 
are  chosen  such  that  the  charge  generated  within  the  sensi¬ 
tive  volume  equals  the  charge  collected  across  the  junction. 
This  paper  presents  the  first  published  results  from  a  ctun- 
parison  of  CUPID*  calculations  with  charge-collection 
measurements  in  GaAs  field-effect  transistor  (FET)  struc- 

II.  EXPERIMENTAL  PROCEDURE 

The  experimental  setup  used  for  these  measurements  is 
shown  in  Fig.  1 .  All  the  proton  exposures  were  carried  out  at 
Harvard  University’s  Cyclotron  using  protons  with  incident 
energies  from  25  to  158  MeV.  The  heavy  ion  exposures  were 
done  using  the  Tandem  Van  de  Graaff  accelerator  at  the 
University  of  Pittsburgh.  The  GaAs  Fat  FET  test  structures 
are  tested  for  two  different  types:  one  lightly  doped  {N  ' ) 
and  one  heavily  doped  (A"  +N*).  The  difference 
between  this  study  and  the  previous  study'  is  that  the  de¬ 
vices  in  Ref.  3  were  fully  depleted  Si  devices  and  the  only 
contribution  to  the  charge  collected  was  the  drift  component 


FIG.  I.  Schematic  diagram  of  the  experimental  setup. 
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due  to  the  coUectioa  of  electroo*hole  pein  genented  in  the 
depletioa  regkm.  In  this  study,  the  devices  sre  partially  de> 
ideted  and  there  are  two  extra  componoits  amtributing:  the 
fidd-assisted  drift  (tunneling)*'*  and  diffusion."’  Also,  the 
test  structures  are  made  from  OaAs,  not  Si. 

GaAs  Test  Structure:  Tlw  gates  of  the  Rockwell  (IK 
RAM)  OaAs  MESFET  Fat  FET  test  structures' '  were  ne- 
gativdy  biased  with  the  source  and  drain  grounded.  Test 
structures  were  available  with  light  (N  ~  )  and  heavy  {N  *  ) 
dqiing  under  the  gate  electrode.  The  Fat  FET  test  structures 
were  much  larger  in  area  but  otherwise  were  processed  iden¬ 
tically  to  the  normal  FET  used  in  memory  elements.  The 
Intersil  dimensions  of  the  Fat  FET  structure  are  14S 
ftm  X  330/im.  The  effective  thickness  of  the  sensitive  volume 
varies  with  bias  especially  when  the  lighter  doping  is  used 
because  the  width  the  depletion  region  depends  on  the  bias 
act-  le  junction. 

use  the  CUPID  codes  to  predict  the  charge  cdlec- 
tioa  m  partiallydepletedtest-structuredevice8,itisfirstnec- 
essary  to  estimate  the  thickness  of  the  sensitive  volume  asso¬ 
ciated  with  the  junction  (rom  the  pulse-height  spectra 
obtained  with  exposure  to  Am^*'  alphas.  Figures  2(a)  and 
2(b)  show  examples  the  charge-collection  spectra  for 
GaAs  test  structures  exposed  to  alphas.  The  effect  of  bias  has 
been  to  shift  the  peak  to  larger  values  of  charge  collection 
and  to  broaden  the  distribution.  Figures  3(a),  3(b),  and 
3(c)  show  the  spectra  from  exposure  of  the  heavily  doped 
devices.  Here  the  effect  of  bias  is  far  less  because  the  width  of 
the  depletion  region  is  less  sensitive  to  bias  for  highly  doped 
materials. 

Notice  that  in  both  Figs.  2  and  3  there  is  a  pronounced 
tail  of  energetic  events.  Because  the  data  were  obtained  with 
small  test  structures  and  relatively  slow  sources,  these  high- 
energy  pulses  are  not  due  to  pulse-pileup.  These  events  are 
believed  to  be  due  to  enhanced  charge  collection  at  the  edge 
of  the  test  structure  junction  of  the  type  previously  observed 
with  microbeams." 

The  position  of  the  peak  provides  a  rough  estimate  of  the 
effective  thickness  of  the  sensitive  volume.  A  particle  inci¬ 
dent  on  the  junction  with  energy  £  has  a  range  £(£)  which 
can  be  determined  from  Ziegler’s  Tables. '  ^  If  the  charge  col¬ 
lected  at  the  junction  in  energy  units  (30  MeV  =  1  pC)  is 
Ed,  then  the  thickness  of  the  equivalent  sensitive  volume  is 
given  by 

t  =  R(E)-R(E-ED).  (1) 

Similarly,  the  high-energy  tail  can  be  used  to  estimate  the 
dimensions  of  the  small  enhanced-collection  regions' '  at  the 
edges  of  the  145  ftm  X  350 /im  structure. 

Typical  charge  collection  spectra  obtained  from  expo¬ 
sures  to  heavy  ions  are  shown  in  Figs.  4,  5,  and  6  for  the 
N  ~  +  N*  test  structure.  Again,  there  is  evidence  of  a  small 
number  of  enhanced  charge-collection  events.  The  noise  lev¬ 
els  were  higher  inside  the  vacuum  chamber  at  the  Van  de 
Graaff  accelerator. 

III.  RESULTS 

Figures  7(a)  and  7(b)  plot  the  position  of  the  peak  of 
the  charge  collection  spectra  versus  the  incident  particle's 
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LET  for  exposures  carried  out  at  normal  incidence.  The 
heavy  ion  data  were  all  taken  at  the  Tandem  Van  de  Graaff 
Facility  while  the  alpha  data  were  obtained  in  the  relatively 
noise-free  environment  of  a  vacuum  chamber  in  our  labora¬ 
tory.  The  solid  curve  represents  a  linear  fit  to  all  the  data 
including  the  origin.  The  fit  is  consistent  with  the  peak  posi¬ 
tion  in  the  charge  collected  being  proportional  to  the  LET. 
The  slope  of  the  curve  is  the  product  of  the  density  and  the 
thickness  of  the  sensitive  volume.  Proportionality  between 
charge  collected  and  LET  is  an  assumption  made  for  all  cur¬ 
rent  algorithms  for  calculating  SEU  rates.  The  thickness  of 
the  equivalent  sensitive  volume  obtained  this  way  includes 
contributions  to  the  charge  collection  from  funneling  and 
diffusion  and  is,  therefore,  thicker  than  the  depletion  wic*  ' 
The  assumption  that  the  charge  collected  at  the  junctic 
that  generated  within  a  sensitive  volume  whose  (Umensio..::> 
are  independent  of  LET  appears  to  be  reasonable  for  GaAs 
over  the  range  of  the  LET  values  corresponding  to  the  abun¬ 
dant  cosmic  rays.  Figure  8  shows  how  the  energy  deposition 
changes  with  the  bias  voltage  for  different  ion  exposures. 
The  alpha  exposures  and  charge-tfollection  measurements 
were  carried  out  using  a  shielded  4.8  MeV  Am'*'  source. 
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FIG.  3.  Chorge-collectioa  spectra  for  iV  ~  +N*  test  ttructuie  exposed  to 
Am^'a]pliosatdiirefentgatel>iases(a)OV,(b)  — 0.8V,aiid(c)  —1.2  V. 


If  the  reverse-biased  junction  is  to  be  replaced  by  a  sensi¬ 
tive  volume  in  SEU-rate  predictions,  the  charge  collected 
must  be  proportional  to  the  product  of  the  LET  and  the  path 
length  through  the  sensitive  volume.  The  path  length  in¬ 
creases  for  small  angles  with  the  secant  of  the  angle  of  inci¬ 
dence  measured  with  respect  to  the  normal.  This  proportion¬ 
ality  between  the  charge  collected  and  the  product  of  the 
LET  and  the  secant  of  the  angle  of  incidence  is  confirmed  in 
Fig.  9  for  another  GaAs  test  structure,  a  heterojunction  used 
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FIG.  A.  Charge-ooDectioii  spectra  far  iV  ~  +tf*  teststnictureexpoeedto 
A6. A  MeV  bromine  at  0  V. 
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FIO.  7.  Rdaiive  chaife-coilected  acran  the  fite  vs  the  LET  of  tbe  inddent 
particle  fSor  an  -^-N*  OaAa  test  structure  with  bias  of  (a)  OV  and  (b) 

- 1.2  V. 
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FIG.  8.  Energy  deposition  across  the  junction  vs  the  applied  bias  on  the  gate 
for  different  incident  particles.  The  solid  triangle,  solid  diamond,  solid 
square,  and  star  represent  alpha,  sulphur,  copper,  and  bromine  ions,  respec¬ 
tively. 


FIG.  9.  Relative  charge  collected  (energy  deposited)  acmas  Aegatevsthe 
product  of  the  LET  and  the  secant  of  inddenoe  Car  4.S  MeV  alphas  and  20 
MeV  oaygen.  The  dashed  line  represent  the  linear  It  for  the  dM  The  aohd 
triangles  and  aoUd  circles  represent  the  experimental  data  for  alpha  and 
oxygen,  respectively. 


in  Texas  Instruments  HI2L  bipolar  gate  array.  The  dau 
were  taken  with  4.8  MeV  alphas  and  20  MeV  oxygen  nuclei 
at  different  angles  of  incidence. 

Figures  10  and  1 1  compare  the  charge-collection  spec¬ 
tra  obtained  for  energetic  protons  incident  on  the  two  test 
structures  with  theoretical  simulations  of  the  energy  depo¬ 
sition  in  the  respective  sensitive  volume  as  a  result  of  proton- 
induced  spallation  reactions.  The  simulations  were  carried 
out  using  the  CUPID  codes  for  GaAs.  The  comparisons  for 
the  heavily  doped  N  ~  N  test  structures  are  shown  in 
Figs.  10(a)-10(c).whilethoseforthelightlydoped^  ~  are 
shown  in  Figs.  1 1  (a)  and  11(b).  The  GaAs  version  of  the 
CUPID  codes  have  a  problem  at  lower  incident  energies 
(less  than  70  MeV)  b^use  the  wrong  total  number  of 
events  is  predicted.  For  this  reason,  the  comparisons  below 
70  MeV  are  done  by  normalizing  the  model  calculations  to 
the  total  number  of  events  to  be  expected  in  the  sensitive 
volume  plus  surround  obtained  from  the  known  total  cross 
section.  The  normalization  is  not  required  for  higher  ener¬ 
gies.  The  fit  between  theory  and  experiment  is  good. 

An  interesting  feature  of  the  comparisons  is  that  at  low 
incident  proton  energies  the  model  predicts  that  the  pulse- 
height  spectra  falls  with  increased  energy  depositions  more 
sharply  than  the  experimental  data. 


IV.  CONCLUSION 

The  CUPID  codes  used  with  a  sensitive  volume  whose 
dimensions  are  determined  by  simple  charge-collection  pro¬ 
cedures,  appear  to  be  reasonably  accurate  in  Emulating  the 
charge  collection  at  GaAs  junctions  in  test  structures  for 
high  incident  proton  energies.  More  work  is  needed  for  low 
proton  energies  but  the  assumption  of  little  or  no  change 
from  higher  energies  appears  to  be  reasonable.  The  model 
predicts  fewer  high-energy  depositions  at  low  incident  pro¬ 
ton  energies  than  is  observed  experimentally.  The  CUPID 
codes  have  now  been  tested  by  this  method  for  a  number  of 
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FIG.  10.  Comparison  between  the  experimental  measofements  (s(^ 
square  land  the  CUPID  calculations  (solid  triangle)  for  iV~  +  Af  '  GaAs 
test  structures  at  —  1.2  V  for  different  proton  exposures  (a)  25  MeV,  (b) 
86hfeV,and(c)  l5SMeV. 
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FIG.  II.  Comparison  between  the  experimental  measurements  (solid 
square)  and  the  CUPID  calculations  (siM  triangle)  for  AT  ~  GaAs  test 
structure  at  —  0.8  V  for  different  proton  exposures  (a)  00  MeV,  and  (b) 
148  MeV. 


simple  devices.  The  GaAs  tests  are  described  in  this  manu¬ 
script  and  the  silicon  tests  in  Refs.  1-3.  All  the  devices  tested 
so  far  have  simple  structures. 
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FORWARD 


Introduction: 

WdcoiiM  to  the  wonderful  worid  of  charge  collection.  The  system  you  are  about  to  use  was 
developed  by  several  people  over  a  long  period  of  time.  The  methods  used  to  make  charge 
collection  measurements  on  microdectronic  devices  were  defived  from  techniques  used  to  make 
these  same  measurements  on  sur&ce  barrier  detectors.  An  overview  of  chaise  collection 
techniques  as  iq)plied  to  surface  barrio'  detectors  can  be  found  in  (^enn  KiK>irs  book  oititled 
Radiation  Detection  and  Measurements.  This  group's  piq)er  entitled  "Comparison  of  the  Charge 
Collecting  Properties  of  Junctions  and  the  SEU  Response  of  Mircodectronic  Circuits"  Nucl. 
Tracks  Radiat  Meas.,  Vol.  19,  1991  contains  information  ab<Hit  charge  collection  and  its 
application.  This  manuscript  is  intended  to  be  used  as  a  guide  for  beginning  students.  The  best 
way  ycHi  can  learn  the  skills  necessary  to  perform  accurate  charge  collection  measurements  is  to 
"just  do  it",  over  and  over  again.  Following  the  steps  in  this  guide  will  hopefully  get  you  started 
in  tlK  proper  direction. 
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PREFACE 


A  Word  About  Syntax: 

Commands  that  you  type  at  the  command  line  are  depicted  in  this  guide  by  capital  bold  face 
letters.  The  "a”  symbol  denotes  a  blank  ^Mce.  An  ecample  of  a  omimand  is  GRa1,6.  First  type 
the  letters  "G"  "R",  then  press  the  space  bar  followed  by  "1" "6". 

Functions  represoited  on  the  keypad  are  depicted  in  this  guide  by  capital  bold  &ce  italicized 
letters.  There  are  two  types  of  keystrokes.  The  ^ntax  used  is  (1)  KEY  =>  press  the  key  once 
then  release  it  and  (2)  KEYI+KEY2  =>  press  key  number  1;  while  holding  it  down  press  key 
number  2  then  rdease  both  of  them. 


What  can  I  destroy? 

Following  the  guidelines  listed  below  will  ensure  that  minimum  damage  is  done  to  the  equipment. 

1 .  Do  not  turn  the  screws  on  the  ADC  labded  "U"  or  "Z”. 

2.  Do  not  touch  the  active  area  of  a  surface  barrier  detector. 

3.  Do  not  use  the  high  bias  supply  to  bias  up  a  device  other  than  a  surface  barrier  detector. 

4.  Do  not  bias  a  surfiice  barrier  detector  above  the  reconunended  voltage  level. 

5.  Do  not  apply  a  n^ative  bias  to  a  surface  barrier  detector. 

6.  Normally  chips  are  not  biased.  If  you  tlunk  a  chip  should  be  biased,  check  with  someone  who 
knows. 

7.  Do  not  loosen  or  tighten  any  of  the  bohs  on  the  vacuum  chamber  unless  you  have  prior 
approval.  You  have  prior  approval  to  use  a  circular  flange  to  mount  the  pre>amplifier  BNC 
plate  onto  the  vacuum  chamber. 

8.  Handle  the  goniometer  and  device  brackets  with  care. 

9.  Wear  rubber  gloves  when  handling  source  mounts  or  any  object  that  has  come  in 
contact  with  the  sources. 

10.  Do  not  touch  the  source. 

11.  Do  not  remove  the  sources  from  the  charge  collection  area. 

12.  No  food  or  drinks  are  allowed  in  the  charge  collection  area. 

Afler  you  read  through  the  guide  you  should  reread  these  guildlines.  It  is  recommended  that  you 
understand  each  of  these  guidelines  before  you  be^  using  the  Pulse  Hdght  Analyas  (PHA) 
^stem.  Following  these  guidelines  is  mandatory. 


E-4 


CHAPTER  1;  PULSE  HEIGHT  ANALYSIS  SYSTEM 
(GENERAL  INFORMATION) 


The  Pulse  Height  Analysis  (PHA)  system  (Figure  1)  has  ei^t  components.  They  are; 


1.  Vacuum  Chambo'. 

2.  Preamplifier. 

3.  Shaping  amplifier. 

4.  Multichannd  Analyzer  (MCA). 

5.  Pulse  Generator. 

6.  High  bias  supply. 

7.  HP  power  supply. 

8.  Voltmeter. 


Figure  1 .  The  PHA  system. 


The  charge  that  is  generated  within  the  Sensitive  Volume  (SV)  of  the  Device  Under  Test  (DUT) 
creates  a  current  that  can  be  moiutored  on  the  power  lines  of  the  device.  The  preamplifier  (2; 
inside  the  vacuum  chamber)  integrates  the  current  over  time.  The  result  is  a  voltage  pulse  that  is 
proportional  to  the  charge.  The  voltage  pulse  is  then  passed  through  the  shaping  amplifier  (3). 
Its  purpose  is  to  create  a  voltage  pulse  that  is  identifiable  by  the  MCA  The  MCA  (4)  digitizes  the 
pulse  height  and  increments  the  count  number  in  the  proper  channel  with  the  larger  voltage  pulse 
heights  appearing  farther  to  the  right  on  the  MCA  screen. 


Why  are  we  doing  this?  Well,  the  digitized  voltage  pulse  hdght  is  proportional  to  the  charge  that 
was  collected  in  the  SV.  Therefore,  if  the  MCA  is  calibrated,  one  can  find  the  energy  deposited 
within  the  SV  by  an  ion  interaction.  Infoimation  obtain«f  fiiom  the  PHA  system  can  be  used  to 
determine  the  following  important  characteristics  of  a  device. 

1.  The  ion's  path  length  through  the  sensitive  volume  (SV)  (i.e.,  the  thickness  of  the  SV).  Use 
DEAD3.EXE  to  determine  the  path  length  and  thiclmess  of  the  SV. 

2.  The  total  projected  area  of  the  SV  onto  a  plane  perpendicular  to  the  beam.  Use  the  MCA  or 
CUP2.EXE  to  determine  the  Counts  Under  the  Peak  (CUP).  Then  the  area  =  CUP  /  fluence. 
CUP2.EXE  will  calculate  the  area  if  the  proper  fluence  and  angle  are  contained  in  the 
configuration  file. 

3.  Possibly,  the  number  of  diffo’ent  junction  types  connected  between  V^^  and  Vj^ 
(i.e.,  more  than  one  peak  appears  in  spectra). 

Read  the  Nuclear  Tracks  paper  if  you  want  more  information  on  these  topics.  This  paper  is  a 
good  general  review  of  SEU. 
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CHAPTER  2:  MULTICHANNEL  ANALYZER 


The  MCA  (Figure  2)  has  five  main  components.  They  are: 

1.  Screen. 

2.  K^board 

3.  Keypad. 

4.  ADC. 

5.  Floppy  drive. 

2  3 

Figure  2.  The  MCA 


The  ADC: 

Up  to  four  ADCs  can  be  plugged  into  the  MCA  (Figure  1).  Howevo*,  if  all  four  ADCs  are  in 
place  the  MCA  will  be  loaded  down  and  will  not  operate.  At  the  present  time  only  two  are  in 
place  (they  are  numbered).  ADC#1  is  reconuMnded.  The  numbers  identify  the  "oMmory”  ADC 
that  is  assodated  with  a  "pl^sical"  ADC.  The  MCA  stores  the  signals  converted  by  the  "physical" 
ADC#1  into  the  "memory"  ADC#1.  You  can  dhdde  each  "memory"  ADC  into  ax  groups  (see 
The  Kqixrard).  This  allows  you  to  perform  sbc  different  runs  without  saving  the  spectra  to  a 
floppy  disk.  To  display  the  qrectra  stored  in  an  ADC  group:  repeatedly  press  the  ADC  button  on 
the  keypad  until  the  desired  "memory"  ADC  is  selected  thoi  repeatedly  press  the  GRP  button  on 
the  keypad  until  the  desired  group  is  sdected.  The  active  ADC  group  is  the  one  that  is  di^layed 
on  the  screen.  The  active  ADC  group  number  is  shown  at  the  top  of  the  screen.  Look  for  "SP  - 
#1  /  #2"  (#1  is  the  active  ADC  and  #2  is  the  active  group).  To  b^in  acquiring  data  sdect  the 
desired  active  ADC  group  then  press  INTT+ACQ.  The  acquiring  ADC  group  is  the  one  that  data 
is  stored  into  if  data  acquisition  is  in  progress. 

There  is  only  one  setting  on  the  "physical"  ADC  that  needs  to  be  adjusted.  This  is  the  Lower 
Level  Discriminator  (LLD).  The  LLP  is  used  to  oit  off  converaon  of  low  voltage  pulses,  thotby 
reducing  the  number  of  noise  pulses  converted.  If  the  LLD  is  set  too  low,  then  the  ADC  spends 
most  of  its  time  processing  noise.  To  adjust  the  LLD,  insert  a  small  flathead  screwdriver  into  the 
hole  marked  "L"  (the  one  that  does  not  have  tape  over  it).  Turn  the  screw  clockwise  to  increase 
the  LLD  and  counter-clockwise  to  decrease  the  LLD.  DO  NOT  TURN  THE  SCREWS 
MARKED  ’•U”  OR  ”Z". 


The  Light-Emitting  Diode  (LED)  scale  is  a  visual  reading  of  how  often  the  ADC  is  converting 
voltage  pulses.  The  LED  has  two  modes  that  can  be  used,  100%  and  25%.  The  LLD  is  properly 
adjusted  \^ien  the  bottom  LED  (25%  mode)  light  is  the  only  one  that  is  lit  and  the  noise  rate  is 
approximatdy  the  same  as  the  data  collection  rate.  If  there  is  less  than  1%  dead  time,  the  data  set 
is  probably  good.  (Note  :  %  dead  time  =  (realtime  -  livetime)  *  100  /  livetime.  Livetitm  and 
retime  defined  in  The  MCA  Sceen  section  of  this  cluqrter.)  If  all  the  LED's  are  lit  when  in 
100%  mode  and  no  data  is  bdng  collected,  move  the  ACQ-STRB  switch  on  the  ADC  to  the  "off 
portion  then  back  to  the  "acquire"  portion.  This  resets  tlw  ADC. 
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Noniial  settings  for  the  dials  and  swhdies  on  the  ADC  are: 

ACQ-STRB  switch  ~  ACQ 
LED  MODE  switch  ~  25% 


COIN-ANn  switch  ~  OFF 
CONV.  GAIN  dial  ~4K 


The  K^board: 

The  keyboard  is  used  to  enter  commands  at  the  command  line.  The  command  line  is  located  at 
the  top  of  the  screen.  A  few  of  the  more  commonly  used  commands  are  defined  bdow. 

Commands: 

MOa1J»HA  >-  Set  ADC#ltoPHAmode. 

GRa1,6  —  IXvide  ADC#1  into  6  groups.  The  ADC  group  diviaon  must  be  less  than  7. 
TRAaI  J1LENAME.RAW  —  Transfer  the  q>ectra  in  the  active  ADC  group  to  a  floppy 
disk. 

TRAaF1LENAME.RAW,1  —  Transfis'  a  {Xilse  hdght  q>ectra  firom  a  floppy  disk  to  the 
active  ADC  group.  Make  sure  that  the  q)ectra  shown  on  the  screen  can  be  deleted. 

TD  —  Transfo*  a  record  of  the  livetime  of  the  previous  run  to  channel  #1  of  the  active 
ADC  group.  (Note:  Enter  this  before  TRA  if  you  wish  to  save  the  livetime  for  a  run.) 
LMa##^  —  Position  the  left  mark  in  channd  ####. 

LEa####  >-  Set  the  enogy  value  (keV)  of  the  channd  i^diere  the  left  mark  is  portioned 

to  mm. 

RMa####  ~  Poation  the  right  mark  in  channd  mm. 

W/^mm  —  Set  the  energy  value  (keV)  of  the  diannd  where  the  right  mark  is  positioned 
to  mm. 

CC^mm  ->  Poation  the  cursor  in  chatuid  #### 

CEa####  ~  Poation  the  cursor  in  the  channel  w^h  an  energy  value  (keV)  of  M##. 
LIaHH:MM:SS  ~  Set  the  maximum  livetime  for  the  current  run.  When  the  livetime 
reaches  HH:MM:SS  the  run  will  aop.  To  perform  this  command  the  MCA  must  not 
be  acquiring  data  and  the  current  livetime  must  be  less  than  the  desired  value. 

DDA  —  Lia  the  files  aored  on  the  floppy  disk  in  drive  A.  (Same  as  DIR  on  a  PC.) 
DAaDD-MMM-YY  —  Set  the  current  date. 

TIaHH:MM:SS  —  Set  the  current  time. 

If  a  letter  is  mistyped,  press  the  RUB  OUT  key.  The  command  line  cursor  will  move  back  one 
space.  See  the  ND77  opoutor's  manual  for  a  complete  lia  of  the  commands. 


I 
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The  Keypad: 

The  keypad  is  a  set  of  hot  keys  that  perftxm  various  functkais.  Some  of  these  functions  are 
defined  Mow. 

Keypad  functions: 

ADC  —  Toggle  the  a<^ve  ADC. 

GRP  —  Toggle  the  active  ADC  group. 

INIT+ACQ  —  Initiate  and  terminate  data  coUectum.  Data  wiU  be  stored  in  the  active 
ADC  group. 

INIT+ERAS  —  Erase  the  data  stored  in  the  active  ADC  group.  CAUTION:  If  this 
sequence  is  pressed  and  yon  have  not  saved  yonr  data,  it  win  be  lost 
XPND  RGN  —  Zoom  in  on  the  r^on  between  the  left  and  right  marks.  To  return  to  a 
full  screen  view  press  the  XRIVD  JKrN  key  again. 

tl—  Change  the  y-axis  scale. 

MARK  SPAN  —  Move  the  right  mark. 

MARK  POSI  —  Move  the  left  and  right  marics. 

CRSR  —  Move  the  cursor. 

PAGE  —  Toggle  the  screen  type. 

£  —  Change  the  direction  of  movement  ftM*  the  cursor  and  the  marks.  Also,  change 
between  increment  and  decrement  fin'  the  ADC  GRP^  PAGE  and  t  X  keys. 

See  the  ND77  operator's  manual  for  a  complete  list  of  the  functions  represented  by  the  keys  on 
the  key  pad. 


The  Floppy  Drive: 

The  floppy  drive  uses  36(Mc,  DOS  formatted  floppies.  To  save  the  data  set  that  is  stored  in  the 
active  ADC  group  type  TRAaI  JilLENAME.RAW.  U»ng  the  RAW  extension  is  not  necessary, 
however  if  you  wish  to  use  the  program  ND_NEWER.EXE  you  must  use  this  extension  (Cluq>ter 
9).  ND_NEWER.EXE  converts  the  MCA  data  file  to  a  ASCII  file.  ASCII  format  is  used  by 
most  plotting  programs.  To  recall  a  saved  q)ectra  type  TRAaF1LENAM£.RAW,1.  Make 
cotain  that  the  qjectra  stored  in  the  active  ADC  group  can  be  ddeted.  To  list  the  files  stored  on 
a  floppy  di^  type  DDA.  A  directory  of  the  floppy  disk  will  scroll  across  the  bottom  of  the 
scre«i.  To  return  to  a  normal  view  press  the  PAGE  k^  on  the  keypad  until  the  desired  screen  is 
ftiown. 


The  MCA  Screen: 

Figure  3  shows  a  typical  alpha  spectra  that  was  collected  fiom  a  Sur&ce  Barrio-  Detector  (SBD). 
The  y-axis  of  the  screen  is  counts  and  the  x-axis  is  channd  number  (or  energy).  Each  time  an 
alpha  particle  strikes  the  SBD  a  voltage  pulse  is  created.  The  pulse  passes  through  the  analog 
dectronics  and  is  converted,  lineariy  with  its  height,  to  a  digital  numbo  by  the  ADC.  Thai  the 
MCA  dassifies  the  digital  pulse  and  increases  the  count  number  in  the  appropriate  channd. 
Clasdfication  goes  fi-om  Idt  to  right  (i.e.,  a  rdatively  large  pulse  will  increase  the  count  in  a 
channel  on  the  right).  Most  of  the  dpha  particles  striking  the  SBD  caused  the  peak  at  the  right. 
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Counts  caused  by  voltage  pulses  created  by  the  noise  in  the  system  are  seen  on  the  fiur  left.  The 
data  points  betweoi  the  peak  and  the  noise  are  bdieved  to  be  caused  by  alphas  with  a  lower 
energy  than  the  ones  that  produced  the  large  peak  or  alphas  ^i^h  hit  the  dectector  at  an  edge  of 
the  SV.  The  low  energy  alphas  may  have  pas^  throu^  a  thicker  portion  of  the  matorial  used  to 
seal  the  source,  thereby  losing  some  of  their  energy  along  the  way. 


DD-MMM-YY  HH:iyiM:SS  SP-#1/#2  OV-#/#  AC-1234  CF^###  ^ 


TOTAL 

QUAD 

NET 

SLOPE 

SPECTRUM 

BGRND 

ZERO 

DATA 

LMARK 

RMARK 

######## 

LEEN 

RIEN 

######## 

CCHAN 

BASE 

######## 

Figure  3.  MCA  screen  #1 . 

The  three  vertical  lines  (Figure  3)  are,  from  left  to  right,  the  left  mark,  cursor  and  right  mark, 
respectively.  The  region  of  the  spectra  defined  by  the  left  and  right  marks  is  zoomed  in  on  when 
the  XPND  RGN  key  is  struck.  To  move  the  left  and  right  mark  press  and  hold  the  MARK  POSI 
key.  To  move  the  right  truirk  press  the  MARK  SPAN  key.  To  move  the  cursor  press  the  CRSR 
key.  To  change  the  direction  of  movement  of  the  cursor,  right  mark  or  both  marks  press  the  ^ 
key. 
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The  information  of  interest  at  the  top  of  the  screen; 

SP  -  #l/#2  —  This  entry  tells  which  ADC  (#1)  group  (#2)  is  the  active  ADC  group 
(i.e.,  the  spectra  shown  on  the  screoi  is  stored  in  the  defined  ADC  group). 

AC  -  1234  —  The  number  that  is  blinking  in  this  oitry  is  the  "memory"  ADC  used  to 
store  data  currently  bdng  acquired  by  "physical"  ADC. 

CF  =  ###  —  The  y-scale  of  the  MCA  screen.  Changhig  this  entry  will  change  the  nund)er 
of  data  points  shown  on  the  screen. 

CE  »#####  —  The  oieigy  value  (keV)  whoe  the  cursor  is  positioned. 

The  information  of  interest  at  the  bottom  of  the  screen: 

TOTAL  —  Total  number  of  counts  between  the  left  mailc  and  right  mark. 

NET  —  Total  number  of  counts  above  a  line  drawn  fi’om  the  lower  end  of  the  left  mark 
to  the  lower  end  of  the  right  mark. 

BGRND  —  Total  number  of  counts  bdow  a  lire  drawn  fi-om  the  lower  end  of  the  left 
marie  to  the  lower  end  of  the  right  mark. 

LMARK  •>  Channel  number  where  the  left  mark  is  positioned. 

LEEN  —  Energy  value  (keV)  where  the  left  mark  is  positioned. 

CCHAN  —  The  first  number  is  the  channel  number  where  the  cursor  is  positioned.  The 
second  number  is  the  total  number  of  counts  in  that  channel. 

RMARK  ~  Channel  number  where  the  right  mark  is  portioned. 

RIEN  —  Energy  value  (keV)  where  the  right  mark  is  positioned. 

The  PAGE  key  can  be  used  to  change  the  information  that  is  shown  on  the  screen.  One  of  the 
more  useful  screens  is  shown  in  Figure  4.  The  entry  ACQGRP  tells  which  group  of  the  "memory" 
ADC  is  used  to  store  data  currently  being  acqiured  by  "phyrical"  ADC.  Livetime  is  the  total 
conversion  time  of  the  "physical"  ADC.  Realtime  is  the  actual  acquire  time  of  the  "plqrsical" 
ADC.  See  the  ND77  operator's  manual  for  complete  definitions  of  the  entries  on  these  and  otho* 
screens. 
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Figure  4.  MCA  screen  #2. 


Initialization  of  the  MCA: 

Usted  next  are  the  conunands  typed  at  the  command  line  to  initialize  the  MCA.  This  needs  to  be 
done  only  ^en  you  power  up  tihe  MCA 

1.  MOa1J>HA 

2.  GRa1,6  (optional) 

3.  DAaDD-MMM-YY  (optional) 

4.  TIaHH:MM:SS  (optional) 

5.  Select  the  ADC  and  group  you  wish  to  use  by  pressing  the  ADC  and  GRPkeys. 

6.  Turn  on  the  floppy  drive. 
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CHAPTERS:  VACUUM  CHAMBER: 


Figure  Sa  is  a  front  view  of  the  duunber  and  Figure  Sb  is  a  top  of  the  chamber.  The 
chamber  has  six  main  parts.  They  are: 

1.  Goniometer  assend)ly. 

2.  Pre-amplifr«’. 

3.  Source  mounting  rod. 

4.  Vent  valve. 

5.  Exhaust  valve. 

6.  Pump  (not  shown). 


Figure  Sa.  Front  view  of  the  vacuum  chamber. 


EXHAUST  VALVE 

-GONIOMETER 


VENT  VALVE 


ALIGNMENT  TAB 
ALIGNMENT  SLOT 


Figure  5b.  Top  view  of  the  vacuum  chamber. 
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Cuirently  there  are  two  view  ports  mounted  on  the  chambo'.  If  light  is  allowed  in  the  chamber 
during  a  charge  collection  measurement,  the  device  will  generate  an  increased  amount  of  ncuse. 
Covering  the  view  ports  with  aluminum  foil  will  diminate  this  photon  induced  noise. 

Venting  and  Exhausting: 

Turn  the  exhaust  and  vent  valves  (Figure  5)  ail  the  way  when  opening  or  cloang  them. 

Procedure  for  exhausting  the  vacuum  chamber: 

1.  The  vacuum  pump  is  off  and  the  chamber  is  vented. 

2.  Close  the  voit  value  (dockwise). 

3.  Close  the  exhaust  value  (dockwise). 

4.  Insert  the  vacuum  punqj's  dectrical  plug  into  an  outlet  (the  pump  will  start). 

5.  After  a  few  seconds  have  passed,  open  tltt  ochaust  value  (counter-clockwise). 

6.  Listen  for  leaks. 

7.  The  vacuum  gage  pressure  diould  be  less  than  100  mtorr  (?) . 

Procedure  for  venting  the  vacuum  chamber: 

1.  The  vacuum  punq)  is  running  and  the  chamber  is  exhausted. 

2.  Close  the  exhaust  value  (dockwise). 

3 .  Slowly  open  the  vent  valve  (counter-clockvnse). 

4.  Unplug  the  vacuum  pump. 

The  Source: 

Our  lab  has  four  sources. 


SOURCE  TYPE 

ENERGY 

NAME 

MOUNT 

Americium 

~  alpha 

4.80  MeV 

Source 

Metal  cylinder  —  centered 

Ameridum 

—  alpha 

4.96  MeV 

Cold 

Metal  rectangle  —  off  center 

Ameridum 

—  alpha 

4.43  MeV 

Hot 

Metal  circle  —  off  cento* 

Cesium  ~ 

gamma 

0.66  MeV 

Gamma 

Plastic  disk 

The  4.8  MeV  alpha  source  is  believed  to  be  the  most  rdiable  source  we  have  at  this  time.  Always 
wear  rubber  gloves  when  handling  sources,  mounts  or  any  object  that  comes  into  contact 
with  a  source.  Never  touch  a  source.  Store  all  the  sources  in  the  Plexiglas  box.  You  do  not 
need  to  remove  the  source  fi'om  the  vacuum  chamber  udien  the  system  is  not  being  used. 
Calibration  of  the  source  energy  should  be  performed  once  every  year  (Chapter  7).  Positioning 
the  source  so  that  it  is  as  close  as  possible  to  the  device  will  increase  the  rate  at  which  data  is 
recorded. 


The  goniometer  Assembly: 

The  goniometer  assembly  (Figure  6)  is  used  to  measure  the  angle  of  inddence  of  the  particles. 
There  is  a  list  posted  on  the  wall  above  the  vacuum  chamber  that  relates  the  goniometer  angle 
values  to  the  actual  values.  Placement  of  the  goniometer  assembly  is  crudal  for  accurate  angle 
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measuremeitts.  The  alignment  tab  should  be  idaced  in  the  alignment  slot  (Figures  S  ft  6). 
Mounting  a  microdetronic  de\nce  on  the  gcmkxneter  device  bracket  is  eiqplained  in  the  Ch^iter  8. 
Mountii^  of  a  SBD  is  explained  in  Cluqiter  6. 


Alignment 

Pilot 


Alignment 

Tab 


Device  Bracket 


Figure  6.  The  gomometer  assembly. 
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The  Pre-Amplifier: 

The  Pre-amplifier  is  mounted  on  the  inside  of  the  vacuum  seal  plate  shown  in  Figure  Sa.  It  is  a 
char:ge  sensitive  amplifier.  The  output  voltage  pulse  is  proportional  to  th«  charge.  It  is  desinU>le 
that  the  time  constant  of  the  preamplifier  be  roughly  that  of  the  switching  speed  of  the  device  for 
CMOS  or  NMOS  manories.  For  CCD  structures  or  dynamic  memories  the  time  constant  should 
be  very  long.  The  alpha  cable  that  extends  out  of  the  Faraday  cage  is  used  to  connect  the  DUT  to 
the  pre-amplifier.  There  should  be  a  Kfircodot  conhector  soldered  to  the  alpha  cable.  Connecting 
a  DUT  to  the  pre-amplifier  is  described  in  Chapters  6  and  8.  The  connections  made  to  the  BNC 
connectors  are  plained  in  the  Chapter  S.  The  HP  power  supply  voltage  (Figure  1)  for  the  pre¬ 
amplifier  should  be  set  at  6.00  volts.  Snudl  deviations  fi^om  6.00  volts  can  effect  the  results. 
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CHAPTER  4:  THE  NIMBIN 


The  NIMBH>I  is  a  housing  and  power  aipply  for  the  slu4>ing  amplifier,  hi^  bias  siq^  and  pulse 
generator  (Figure  1). 


The  Shaping  Amplificn 

The  sluq)ing  amplifier  magnifies  the  voltage  pulse  received  fitmi  the  pre-amplifier.  It  also  oeates 
a  gaussian  pulse  that  has  a  height  that  is  proportional  to  the  height  of  the  iiqxit  pulse,  i.e.,  the 
charge  collected.  Normal  settings  for  the  dials  and  switches  on  the  slu^ung  anq>lifier  are  as 
follows: 

BLR  switch  ~  CENTER  GAIN  dial  ~  variable 

POS-NEG  switch  ~  POS  (this  can  vary)  FINE  GAIN  dial  ~  0.5 
MODE  switch  ~  GAUSS  SHAPING  TIME  dial  ~  variable 

Increasing  the  gain  will  cause  the  voltage  pulse  hdghts  produced  by  the  shaping  anqjlifier  to  be 
larger.  Therefore,  the  MCA  classifies  the  [Mlses  imo  larger  channels.  Changing  the  gain  dial  will 
cause  the  peak  position  to  shift.  The  advantage  is  the  optimization  of  the  MCA  screen.  Changing 
the  gain  dial  has  no  effect  on  the  energy  per  channd  calibration  of  the  MCA  (see  Chapter  7). 

The  shaping  time  dial  sets  the  amount  of  time  tlw  shaping  amplifier  looks  at  the  incoming  pulse. 
You  can  use  this  dial  to  eliminate  noise.  Changing  the  shining  time  dial  does  affect  the  eneigy  per 
channel  calibration  of  the  MCA. 

The  High  Bias  Supply: 

The  high  bias  power  supply  is  used  to  apply  bias  to  SBD.  Positive  bias  should  be  applied  to  all 
SBDs  in  our  current  stock.  The  voltmeter  can  be  used  to  ensure  that  the  SBD  is  biased  to  the 
nuuiufacture's  recommended  value.  Use  channel  B  on  the  high  bias  supply.  Never  use  the  high 
bias  supply  to  bias  a  device. 

The  Pulse  Generaton 

The  pulse  generator  produces  a  voltage  pulse  that  is  defined  by  the  settings  on  the  dials  and 
switches.  When  the  pulse  generator  is  calibrated  to  let's  say  4.8  MeV,  it  produces  a  voltage  pulse 
that  emulates  the  pulse  caused  by  an  4.8  MeV  ion  strike.  This  pulse  is  used  to  nudce  the  rangy 
per  channd  calibration  of  the  MCA.  Chapter  7  discusses  how  the  pulse  generator  is  calibrated 
and  how  it  is  used  to  calibrate  the  MCA. 

Normal  Settings  for  the  dials  and  switches  on  the  pulse  generator  are  as  follows: 

MODE  switch -REP  FREQUENCY  dial  -  variable 

RANGE  switch  —  IV  AMPLITUDE  dial  —  variable 

POL  switch  -  NEG  (this  can  vary)  RISE  TIME  dial  -  1  psec 
REF  switch  -  INT  FALL  TIME  dial  -  200  psec 

ATTEN  switches  -  variable  NORMALIZE  dial  -  10.0 

If  the  frequency  dial  is  set  to  EXT  it  is  o£^  othnwise  it  is  producing  a  pulse  at  the  designated 
frequency. 
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CHAPTER  5:  ELECTRICAL  CONNECTIONS 


Figure  7  shows  the  electrical  connections  that  need  to  be  made  when  performing  chai;ge  collection 
measurements.  These  connections  are  the  same  for  all  DUTs.  Each  componoit  of  the  PHA 
system  is  outlined  with  a  dotted  box.  The  name  of  the  component  is  in  the  upper  Idi  hand  side  of 
the  box.  A  circle  represents  a  BNC  connection  and  a  square  represents  a  screw  clamp 
connection.  The  thick  line  represents  connections  made  with  alpha  cable.  The  medium  line  is  the 
outer  ground  wire  of  the  alpha  cable  and  the  thin  lim  is  the  inner  copper  wire  surrounded  by  an 
insulator.  The  connection  betwe^i  the  ADC  ~  signal  and  the  oscilloscope  ~  input  is  optional. 


ADC  ~  Signal 


Ociliaoope- Input 


Shaping  Amplifier  ~Uni 
-  Input 


Preamplifier  BNC  plate  ~  +  6  volts 
-  •6volta 


Power  supply 


!  . 

1  i  :  Pulae  Generator  ~  Pv 

ilseOut^ 

1 

Outer  Ground 


HP  Power  Supply  -  COM 


^ - Alpha  Cable 

. .  Inner  Copper  Wire 


Figure  7.  Electrical  connections. 

Connecting  the  DUT  to  the  pre-amplifier  is  discussed  in  Chapters  6  and  8. 
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CHAPTER  6:  SURFACE  BARRIER  DETECTORS 


A  surface  barrio'  detector  is  a  layer  of  n-type  material  with  a  thin  gold  contact  evaporated  mi  top 
of  the  n>type  layer.  The  evaporation  process  produces  a  high  densitiy  of  electron  tn^is  at  the 
mrface  which  forms  a  p-n  type  junction.  The  depleation  region  will  extend  deap  into  the  n-type 
material  whoi  the  SBD  is  reversed  biased  (Figure  8).  A  When  a  constant  bias  is  applied  across 
the  junction  tlw  depletion  region  thickness  will  increase  to  some  constant  value.  An  incident  ion 
will  deposit  all  of  it's  energy  within  the  depletion  region  if  and  only  if  the  region's  thickness  is 
larger  than  the  ion's  range.  A  typical  SBD  thickness  is  100pm.  The  range  in  Si  of  a  4.8  MeV 
alpha  particle  is  approximately  22. 14  pm.  Therefore,  all  of  its  energy  (or  generated  charge)  is 
deposited  within  the  depletion  region.  This  charge  creates  a  voltage  pulse  that  passes  through  the 
analog  electronics,  then  it  is  sent  to  the  MCA.  The  relationship  between  the  energy  deporited  and 
the  charge  generated  in  Silicon  is  22.5  MeV  emr^  deposited  creates  IpC  of  charge. 


To  Center  Conductor 


J 


Figure  8.  Cross-sectional  view  of  a  SBD.  Note  that  dimensions  are  not  to  scale. 
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SBD  Charge  Colicctioii  Mcasurenicat: 

Listed  bdow  is  a  set  of  instiuctions  on  how  to  make  charge  collection  measurements  on  a  SBD. 

A.  Mount  the  SBD  onto  the  Goniometer  Assembly; 

1.  Mount  device  bracket  #2  (Figure  9)  onto  the  goniometer  aligmiwnt  i^ot  (Figure  6). 
Make  certain  that  the  alignmoit  pins  are  inserted  into  the  correct  holes.  There  should  be 
an  ink  maik  on  the  device  bracket  that  is  to  be  aligned  with  the  ink  mark  on  the  alignment 
pilot.  Do  net  force  the  device  bracket  onto  the  alignment  pilot. 

2.  Mount  the  SBD  bracket  onto  the  device  bracket  (Figure  10).  The  SBD  bracket  is  a  brass 
rectangle  with  a  hole  drilled  in  it  the  size  of  the  SBD.  The  hole  is  off  center,  align  the 
center  of  the  hole  with  the  centeriivt'  maikings  on  the  device  bracket.  The  SBD  bracket 
should  be  mounted  on  the  ade  opposite  to  the  plane  of  rotation. 

3.  Insert  the  SBD  into  the  hole  and  tighten  the  set  screw  (Figure  10).  Do  not  over  tighten 
the  set  screw.  The  SBD  should  be  positioned  so  that  the  plane  of  the  active  area  is  in  the 
plane  of  rotation. 


Figure  9a.  Device  brackets. 


Figure  9b.  Top  view  of  a  device  bracket. 
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DEVICE  BRACKET 


PLANE  OF  ROTATION 


ALPHA  CABLE  TO  PRE-AMPLIHER 


Figure  10.  Schematic  of  SBD  mounting. 

B.  Place  the  goniometer  assembly  on  the  prop^*  vacuum  chamber  opening.  Make  ceitain  that  the 
alignment  tab  is  inserted  into  the  alignment  slot  (Figures  5  and  6). 

C.  Connect  the  Mircodot  connections  shown  in  Fig^e  10. 

D.  Place  the  pre-amplifier  BNC  plate  on  the  proper  vacuum  chamber  opening. 

E.  Mourn  a  flange  around  the  BNC  plate. 

F.  Exhaust  the  vacuum  chamber. 

G.  Set  the  angle  of  incidence  to  the  desired  value  (normally  0  degrees).  Make  ceitain  not  to  pull 
on  the  alpha  cable  between  the  pre-amplifier  and  the  SBD. 

H.  Position  the  SBD  in  the  center  of  the  chamber.  If  the  SBD  is  aligned  with  the  cemering  marks 
then  the  distance  X  in  Figure  6  is  1 .72  inches. 

I.  Cover  all  the  view  ports  with  aluminum  foil. 

J.  Use  alligator  clip  wires  to  ground  all  the  components. 

K.  Make  all  the  electrical  connections  described  in  Chapter  5.  Detach  the  alpha  cable  between 
the  high  bias  supply  and  the  BNC  plate  at  the  BNC  connector  attached  to  the  high  bias  supply. 

L.  Turn  on  the  MCA,  NIMBIN,  HP  power  supply,  multimeter  and  oscilloscope  (optional). 

M.  Initialize  the  MCA  (Chapter  2). 

N.  Set  the  shaping  amplifier  dials  and  switches  to  the  values  recommended  in  Chi^iter  4. 

O.  Set  the  shaping  time  to  10  psec. 

P.  Set  the  shaping  amplifier  gain  to  the  desired  value  (normally  50). 

Q.  Set  the  pulse  generator  frequency  dial  to  EXT.  This  is  the  off  position. 

R.  Turn  the  high  bias  supply  on  and  set  it  to  zero.  Use  the  multimeter  to  measure  the  output  of 
the  high  bias  supply. 

S.  Reconnect  the  high  bias  supply  to  the  BNC  plate. 

T.  Slowly  bias  the  SBD  to  the  recommended  value  (see  the  manufactur  er  ^  specification  sheet). 

U.  Use  the  multimeter  to  measure  the  output  of  the  HP  power  supply.  EHsconnecting  the 
multimeter  will  reduce  the  signal  to  noise  ratio. 

V.  Press  the  Z/VJT+idC^  keys.  This  begins  data  acquisition. 

W.  Adjust  the  LLD  (see  Chapter  2). 

X.  Adjust  the  shaping  amplifier  gain  so  that  the  peak  appears  as  far  to  the  right  as  possible  (see 
Chapter  4).  Pressing  INU+ERAS  clears  the  screen. 
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Y.  After  a  sufificiait  amcHiiit  of  data  has  bem  collected  press  INIT^ACQ  keys.  This  stops  the 
data  acquisition  process. 

In  your  lab  book  record  the  high  bias  supply  setting,  HP  power  supply  setting,  angle  of  inddence, 
shaping  time,  gain,  peak  position  channel  number,  livetime  and  the  SBD  used.  After  the  data  set  is 
complete,  slowly  unbias  the  SBD  and  turn  off  all  the  equipment.  Place  the  SBD  in  its  case.  Do 
not  touch  the  active  area  of  the  SBD. 

Figure  1 1  is  a  plot  of  a  typical  spectra  obtained  from  a  SBD  when  irradiated  by  4.8  MeV  alpha 
particles.  The  channel  that  the  p^  appears  in  is  determined  by  the  energy  of  the  alpha  particles, 
the  gain  and  shying  time  settings  of  the  shaping  amplifier,  and  other  componem  settings.  If  all 
the  electronic  properties  of  the  system  remain  the  saiiM,  the  peak  will  appear  in  the  same  channd 
anytime  a  data  set  is  collected.  The  peak  position  is  approxinuttely  channel  2030.  Events 
occurring  near  channel  2030  are  4.8  MeV  events. 


CHANNEL 


Figure  11.  Charge  collection  spectra  from  a  SBD. 
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CHAPTER  7:  CALIBRATIONS 


There  are  several  calibrations.  The  following  list  gives  the  type  of  calibratitm  and  how  often  each 
should  be  performed. 


Component 

Source 

Source 

Pulse  generator 

MCA 

MCA 

Goniometer 


Calibration 

Fhix 

Energy 

Eno'gy  Representation 
Energy  per  Channel 
Dead  Channd 
Angle 


Frequency 
As  Needed 
Yearly 
Daily 

Be^nning  of  a  Run 

Yearly 

Yearly 


Flux  Calibration  of  a  Source: 

Using  a  SBD  to  calibrate  the  flux  of  a  source  is  described  below. 

1 .  Mount  the  source  on  the  source  mounting  rod  (Figure  S). 

2.  Move  the  source  as  close  to  the  SBD  as  possible. 

3.  Perform  a  charge  collection  measurement  (Chiq>ter  7). 

4.  Measure  the  distance  between  the  source  and  the  SBD. 

5.  Determine  the  counts  under  the  peak. 

6.  Change  the  distance  between  the  source  and  the  SBD. 

7.  Repeat  steps  3  through  6  until  the  source  is  at  a  maximum  distance  from  the  SBD. 

S.  Generate  a  plot  of  the  flux  versus  the  mvme  square  of  the  distance. 

Five  or  six  distances  should  be  sufiScient  for  a  good  data  set.  Figure  12  is  a  plot  of  the  flux  versus 
the  inverse  square  distance  between  the  4.8  MeV  alpha  source  and  the  SBD. 

Flux  =  cup/  (Active  Area  •  Livetime) 


Figure  12.  Particle  flux  versus  inverse  square  distance  for  the  4.8  MeV  alpha  source. 
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Energy  Calibmtion  of  a  Source: 

Obtain  two  sources  with  known  energies.  Dr.  Fjeld  in  the  ESE  department  can  supply  you  with 
these  sources.  Using  the  two  known  sources  and  a  SBD  to  calibrate  the  energy  of  a  source  is 
described  below. 

1.  Make  a  SBD  charge  collection  measurement  uting  one  of  the  known  sources  (Chapter  6). 

2.  Place  the  right  mark  at  the  peak  position  (e.g.,M4/^<S!A4Ar  key). 

3.  Set  the  right  mark  energy  >adue  (keV)  to  the  eno-gy  of  the  known  source  (e.g.,  RIaSSTO). 

4.  Place  the  left  nuuk  at  the  zero  channel  (e.g.,  LiMa26).  This  channd  is  determined  fr(Mn  a 
dead  channel  calibration  of  the  MCA. 

5.  Set  the  left  mark  energy  value  (keV)  to  zero  (e.g.,  LEaO). 

6.  Make  a  SBD  charge  collection  measurement  u^g  the  other  known  source.  The  peak 
position  should  be  near  the  known  energy  of  the  source. 

7.  Make  a  SBD  charge  coUection  measurement  of  the  source  that  is  to  be  calibrated.  The 
peak  position  is  the  energy  of  the  source. 

Using  two  sources  with  known  energies  verifies  that  the  MCA  is  properly  calibrated  and  that  the 
known  source  energies  agree.  One  source  can  be  used  if  the  source  energy  is  calibrated.  Doing 
steps  2  through  S  defines  the  energy  per  channel  calibration  of  the  MCA 


Energy  Representation  Calibration  of  the  Pulse  Generator: 

The  voltage  pulse  produced  by  the  pulse  generator  is  enhanced  by  the  pre-amplifier  and  moves 
through  the  electronics  just  as  if  it  originated  in  a  DUT.  Calibrating  the  pulse  generator  to  a 
cific  voltage  is  the  same  as  calibrating  it  to  represent  a  specific  energy  deposition.  After  the  pulse 
generator  is  calibrated  it  is  used  to  send  a  specific  voltage  pulse  through  ^e  electronics.  Knov^g 
the  energy  depoation  represented  by  the  pulse  generator  allows  one  to  make  an  energy  per 
channel  calibration  of  MCA. 

Perform  the  following  steps  to  make  an  energy  representation  calibration  of  the  pulse  generator. 

1 .  Make  a  SBD  charge  collection  measurement  using  a  calibrated  source  (Ch^ter  6). 

2.  Do  not  exhaust  the  vacuum  chamber.  Do  not  remove  the  SBD.  Do  not  change  the  high 
bias  supply  setting,  HP  p.' wer  supply  setting,  settings  on  the  sluq>ing  amplifier  or  tlK 
settings  on  the  ADC. 

3.  Place  the  cursor  at  the  peak  position. 

4.  Set  the  pulse  generator  dials  and  switches  to  the  values  defined  in  Chapter  4.  The 
fi-equency  dial  should  be  set  to  EXT.  This  is  the  off  position. 

5.  Set  the  ATTEN  switches  to  times  five. 

6.  Change  groups  (GRP  key). 

7.  Turn  the  pulse  generator  frequency  dial  to  IkHz. 

8.  Turn  the  red  knob  at  the  center  of  the  fi-equency  dial  all  the  way  clockwise,  then  turn  it 
counter-clockwise  one  half  of  a  turn. 

9.  Press /A7r+y4Ce. 

10.  Adjust  the  LLD  (Chapter  2). 
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11.  Adjust  the  anqilitude  dial  on  the  pulse  goiontor  so  that  the  pulse  generator  peak  position 
is  located  in  the  same  channel  as  the  SBD  peak  position.  Pressing  the  JNTT-^EKAS  keys 
will  clear  the  data  stored  in  the  active  ADC  group. 

After  performing  these  steps,  the  pulse  generator  will  be  calibrated  to  the  energy  of  the  source. 

Assume  that  a  4.8  MeV  alpha  source  was  used  to  cahbrate  the  pulse  gmerattH*.  Then  a  different 
DUT  is  connected  to  the  PHA  system.  This  changes  the  total  capacitance  seen  by  the 
preamplifier,  changing  the  effective  gain.  Therefore,  the  energy  per  channd  calibration  of  the 
MCA  is  not  the  same.  Connecting  t^  new  DUT  to  the  electronics  does  not  change  the  voltage 
pulse  produced  by  the  pulse  generator.  Sendiiig  the  pulse  from  the  pulse  goierator  through  the 
electronics  emulates  the  voltage  pulse  that  a  4.8  MeV  strike  would  generate.  The  pulse  produced 
by  the  pulse  geno^or  is  used  to  make  the  energy  per  channd  calitodion  of  the  MCA  vAiea  a 
mircoelectronic  device  is  connected  to  the  systm. 


Energy  per  Channd  Calibration  of  the  MCA: 

The  steps  used  to  make  an  energy  per  channel  calibration  of  the  MCA  are  defined  bdow. 

1 .  The  DUT  is  connected  to  the  electronics  and  the  vacuum  chamber  is  exhausted. 

2.  Turn  on  all  the  components. 

3.  All  the  shaping  amplifier  settings,  except  possibly  for  the  gain,  should  be  set  to  the  same 
values  used  when  the  pulse  generator  was  calibrated. 

4.  All  the  pulse  generator  settings  should  be  set  to  the  same  values  used  vdten  it  was 
calibrated. 

5.  Turn  the  pulse  generator  fi-equency  dial  to  IkHz. 

6.  Turn  the  red  kiiob  at  the  center  of  the  fi'equency  dial  all  the  way  clodcwise,  then  turn  it 
counto’-clockwise  one  half  of  a  turn. 

7.  Press  INIT-hiCQ. 

8.  Adjust  the  LLD  (Chapter  2). 

9.  Adjust  the  shaping  amplifier  gain  so  that  the  pulse  generator  peak  position  appears  in  the 
largest  possible  channel. 

10.  Place  the  right  nuuk  at  the  peak  position  (e.g.,  MARK  SPAN  key). 

11.  Set  the  right  mark  energy  value  (keV)  to  the  energy  of  the  pulse  generator 
(e  g.,  RIa4800). 

12.  Place  the  left  mark  at  the  zero  channel  (e.g.,  LMa26).  This  channel  is  determined  fi'om  a 
dead  channel  calibration  of  the  MCA. 

13.  Set  the  left  mark  energy  value  (keV)  to  zero  (e.g.,  LEaO). 

Dead  Channd  Calibration  of  the  MCA: 

Relatively  small  voltage  pulse  hdghts  will  appear  in  the  channels  on  the  left.  As  the  voltage  pulse 
height  tends  towards  zero  there  is  a  channel  number  that  represents  a  zero  voltage  pulse  hdght. 
All  the  channels  less  than  or  equal  to  this  channel  are  considered  to  be  dead  channels.  To 
determine  the  number  of  dead  channels,  follow  the  steps  outlined  below. 

1 .  Connect  the  osdlloscope  to  the  MCA  (Figtire  7). 

2.  Power  up  all  the  components. 

3.  Turn  the  pulse  generator  fi’equency  dial  to  IkHz. 
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4.  Tuni  the  red  knob  at  the  cento'  of  the  frequency  dial  all  the  way  dockwiae,  then  turn  it 
counter-dockwise  one  half  of  a  turn. 

5.  Press  INir-MCl?. 

6.  Adjust  the  LLD  (Chapter  2). 

7.  Adjust  the  anq)litude  dial  (ni  the  pulse  generator  so  that  the  peak  positkm  ttppean  near 
channd  800. 

8.  Use  the  oadlloscope  to  measure  the  voltage  pulse  hdght. 

9.  Record  the  channd  number  that  locates  the  peak  portion. 

10.  Record  the  voltage  pulse  hdght. 

11.  Decrease  the  output  of  the  pulse  generator. 

12.  Repeat  stq>s  6  through  8  u^  the  peak  podtimi  is  near  the  noise. 

13.  Create  a  plot  of  the  channd  number  versus  the  vohage  pulse  hd^.  The  y  intercept  is  the 
number  of  dead  channds  (zero  channd). 

Figure  13  is  a  plot  of  the  channd  numbo’  vo'sus  the  voltage.  The  number  of  dead  channds  is 
dose  to  26. 


Figure  13.  Determination  of  the  number  of  dead  channds. 


Calibration  of  the  goniometer: 

Calibration  of  the  goniometo’  is  contained  in  Robert  ^ed's  masters  thesis. 
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CHAPTER  S:  OTHER  DlTTs 


Performing  charge  collection  measurements  on  memory  devices  and  other  mio-odectonic  chips  is 
one  of  the  main  focuses  of  our  group.  The  instruction  set  listed  bdow  is  a  goieral  guide  for 
performing  memory  device  charge  collection  measurements.  Some  of  the  steps  may  vary, 
depending  on  the  type  of  device  being  tested. 

Memory  Device  Charge  Collection  Measurement: 

A.  Mount  the  device  onto  the  Goniometer  Assonbly; 

1.  Mount  the  proper  device  bracket  (Figure  9)  onto  the  goniometer  alignment  pUot  (Figure 
6).  The  bracket  to  use  is  determined  by  the  direction  of  rotation  of  the  DUT.  Make 
certain  that  the  alignment  pins  are  inserted  into  the  correct  holes.  Thov  should  be  an  ink 
mark  on  the  device  bracket  that  is  to  be  aligned  with  the  ink  mark  on  the  alignment  j^ot. 
Do  not  force  the  device  bracket  onto  the  alignment  pilot. 

2.  Mount  a  Zero  Insertion  Force  (ZIF)  socket  onto  a  vector  board.  Make  sure  that  the  DUT 
can  be  aligned  with  the  centering  mailcs  on  the  device  bracket  (Figure  9). 

3.  Solder  the  ^rpropriate  pins  to  an  alpha  cable  (remember  the  centring  marks).  Typically, 
Vgs  is  connected  to  ground  (the  outer  wire)  and  V(}(]  is  connected  to  power  (the  inno’ 
wire).  Solder  a  Mircodot  connector  onto  tte  other  end  of  the  cable.  The  inner  wire  is 
soldered  into  the  center  hole  and  the  aat&r  wire  is  soldered  onto  the  Mircodot  connector. 

4.  Mount  the  vector  board  onto  the  device  bracket  (Figure  14)  so  that  the  plane  of  the  die  is 
in  the  plane  of  rotation  (Figure  9).  Make  certain  that  the  die  is  aligned  with  the  centering 
marks. 


Figure  14.  Schematic  of  SBD  mounting. 


E-26 


B.  Place  the  gcMiKMiieterasseiid)^  on  the  proper  vacuum  duunber  opening.  Make  certain  that  the 
alignment  tab  ia  inserted  into  the  alignment  skH  (Figures  5  and  6). 

C.  Ccmnect  the  Mkrodot  connections  shown  in  Figure  14. 

D.  P'ace  the  pre^ui^ilifiar  BNC  plate  on  to  proper  vacuum  chamber  (^lening. 

E.  Mount  a  flange  around  the  BNC  plate. 

F.  Exhaust  the  vacuum  chamber. 

G.  Set  the  angle  of  inddence  to  the  desired  vahiCL  Make  certain  not  to  pull  on  any  of  the  a4>ha 
cables. 

H.  Position  the  die  in  the  center  of  the  chamber.  If  the  die  is  aligned  with  the  centering  marks 
then  the  distance  X  in  Figure  6  is  1.72  Inches. 

I.  Cover  all  the  view  ports  with  aluminum  foil. 

J.  Use  alligatm’  clip  wires  to  ground  all  the  components. 

K.  Make  all  the  cminectitMis  described  is  Clu^ita’  S.  Detadi  the  alpha  cable  between  the  high 
bias  supi^  and  the  BNC  (date. 

L.  Turn  on  the  MCA,  NIMBIN,  HP  power  supply,  rmihimeter  and  oscilloscope  (clonal). 

M.  Initialize  the  MCA  (Charter  2). 

N.  Set  the  siuqnng  amplifier  dials  and  switches  to  the  values  recommended  in  Chapter  4. 

O.  Set  the  shi4>ing  time  to  10  |isec. 

P.  Set  the  shaping  anqdifier  gain  to  the  estimated  value. 

Q.  Set  the  pulM  generator  firequency  dial  to  EXT. 

R.  Use  the  multimeter  to  measure  the  output  of  the  HP  power  supply.  Disconnect  the  muhiineter 
to  reduce  the  noise  to  signal  ratio. 

S.  Perform  an  energy  per  channd  calibration  of  the  MCA  (Chapter  7). 

T.  Turn  the  pulse  generator  off. 

U.  Press  INIT+ERAS. 

V.  After  a  sufficient  amount  of  data  has  been  collected  press  INTT+ACQ  keys.  This  stops  the 
data  acquisition  process. 

W.  Save  the  data  (Chapter  2).  TRAa1,F1LENAM£.RAW 

Record  in  your  lab  book  the  HP  power  supply  setting,  angle  of  incidence,  shaping  time,  gain,  peak 
position  of  the  pulse  generator  and  the  livetime. 

Noise  reduction  is  nessasary  when  the  peak  ^)pears  near  the  noise  level.  Techniques  that  could 
possible  reduce  the  signal  to  noise  ratio  indude:  (1)  grounding  (2)  shaping  time  setting  (3) 
disconnecting  the  multimeter  (4)  cooling  the  DUT  and  (5)  impedance  matching.  The  pulse 
genoator  calibration  is  different  for  each  shaping  time.  U^g  the  desired  shaj^  time  to  make 
an  energy  rq)resmitation  calibration  of  the  pulse  generator  will  ensure  that  the  MCA  energy 
calibration  is  correct. 

If  no  data  is  bang  collected,  check  the  Hons  listed  below. 

1 .  All  electrical  connections. 

2.  Move  the  ACQ-STRB  switch  on  the  ADC  to  the  off  position  then  back  to  the  ACQ  position. 

3.  Angle  of  inddence. 

4.  The  active  ADC  group  is  the  acqiuiing  ADC  group. 

5.  The  POS>NEG  switdi  on  the  shaping  amplifier  may  need  to  be  changed. 

6.  Some  devices  have  a  small  active  area.  Wait  15  minutes  and  check  the  data  again. 
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CHAPTER  9:  ND  NEWER.EXE 


ND_NEW.EXE  is  a  program  that  was  written  by  David  Roth  (see  his  masters  thesis  for  a 
complete  program  listing).  It  convots  the  binary  format  used  by  ND77  to  an  ASCII  format. 
ND_NE\\^ER  is  a  later  version  with  only  a  sli^  modification  in  the  way  data  is  computed  and 
stored.  A  ctmfiguration  file  with  the  extension  CNF  is  used  as  input  for  the  program,  llie  fi>rmat 
for  the  configuration  file  is: 


new 

9 

C:\RH6504VDEC91\RHCN00.RAW 

C:\RH6504\DEC91\DATA\RHCN00.DAT 

3 

479 

4.80 

140.00 

26 

0.00 

7.0123E+05 


(Idmtifies  the  cnf  file  as  a  ND_NEWER  cnf  file} 
{Incident  ion  number} 

(Input  data  path  and  file  name} 

{Output  data  path  and  file  name} 

{Compression  fiurtor} 

{Calibration  peak  position  channd  nund)er} 
{Cdibration  mergy  in  MeV} 

{Incidrat  ion  energy  in  MeV} 

{Number  of  dead  channds} 

{An^e  of  incidence} 

{FluoKe} 


The  first  entry  must  be  entered  at  the  top  of  the  file.  To  convert  more  than  one  raw  file,  repeat 
lines  2  through  1 1  for  each  file.  ND_NEW^.EXE  does  not  use  the  angle  of  incidence  and 
fluence  entries.  The  path  for  the  output  data  must  «dst. 
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APPENDIX  F 


MODELING  CHARGE  COLLECTION  AND  SINGLE  EVENT 
UPSETS  IN  MICROELECTRONICS 
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Single  event  upsets  (SEU)  result  when  modem  microelectronic  circuits  are  exposed  to  energetic  charged  particles  in  space,  around 
accelerators  and  in  the  various  natural  or  manmade  radiation  environments  encountered  by  computers  on  earth.  Estimating  a 
circuit's  SEU  sensitivity  at  an  early  stage  of  system  desgn  requires  detailed  understanding  of  the  physical  phenomena  through  which 
upsets  are  induced,  the  localized  generation  of  charge,  its  collection  at  the  SEU-sensitive  junction  and  the  circuit's  response.  The 
amount  of  charge  oollected  depends  on  the  contribution  from  drift,  held  fuimeling  and  diffusion  as  well  the  removal  of  charge 
through  recombination.  Decreasing  the  area  of  the  junction  through  improvements  in  lithography  increases  the  complexity  of  the 
charge  collection  in  a  way  which  significantly  complicates  modeling. 


1.  IntroductkM 

Soft  errors  or  single  event  upsets  (SEU)  are  charges 
in  the  logic  sute  of  microelectronic  circuit  elemenu 
which  occur  when  ionizing  particles  traverse  SEU-sensi¬ 
tive  reverse-biased  junctions  on  the  device.  They  are 
induced  by  the  heavily  ionizing  cosmic-ray  nuclei  of 
deep  space,  the  heavily  ionizing  nuclear  fragments  from 
spallation  reactions  in  the  inner  radiation  belts,  or  the 
alpha  particles  emitted  by  the  materiak  making  up  the 
device  and  its  packaging.  The  standard  models  [1-3]  for 
SEUs  assume  that  circuit  elements  charge  their  electri¬ 
cal,  and  hence  their  logic,  states  when  more  than  some 
critical  charge  is  collected  at  the  junction  wthin  a 
response  tiiiK  which  is  determined  by  the  circuit  param¬ 
eters.  The  charge  collected  has  two  fast  drift  compo¬ 
nents.  the  charge  generated  in  the  depletion  re^on  of 
the  junction  and  the  charge  brought  in  by  funneling 
[4,S].  This  is  followed  by  a  slow  component  of  charge 
arriving  gradurdly  by  ambipolar  diffusion  from  regions 
further  along  the  particle  trajectory. 

Accurate  calculations  of  the  error  rates  to  be  ex¬ 
pected  when  a  given  device  is  flown  in  space  requires 
quantitative  knowledge  of  the  various  radiation  environ¬ 
ments  of  space,  the  physical  mechanisms  leading  to  the 
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generation  of  intense  ionization  traik  along  the 
charged-particle  trajectories,  the  fraction  of  that  charge 
arriving  at  the  SEU-sensitive  junction  and  the  response 
of  the  circuit  element  to  the  resulting  swing  in  potential. 
Algorithms  currently  used  to  predict  error  rates  replace 
the  SEU-sensitive  junction  by  an  equivalent  volume  and 
predict  SEU  rates  by  estimating  the  rate  at  which 
ionizing  particles  generate  more  than  a  threshold  amount 
of  charge  within  the  sensitive  volume.  This  threshold 
value  of  the  charge  collected  is  the  so-called  critical 
charge;  its  value  differs  for  different  circuits  as  does  the 
dimensions  of  the  sensitive  volume  which  should  be 
used  in  calculations. 

There  were  five  objectives  in  pref>aring  this  paper. 
First.  outUne  the  current  states  of  charge  collection  at 
reverse-biased  junctions  thereby  predicting  the  prob¬ 
ability  of  upsetting  the  logic  sute  of  the  cell.  Second, 
provide  equations  for  determining  the  dimensions  of  the 
sensitive  volume  to  be  used  in  calculations  of  error  rates 
for  a  specific  device.  Their  use  must  require  only  the 
type  of  information  typically  available  regarding  the 
masks  and  doping.  Third,  propose  a  simple  experimen¬ 
tal  procedure  for  determining  the  proper  value  of  the 
critical  charge  to  be  used  in  calculations.  Fourth,  il¬ 
lustrate  these  procedures  using  test  data  available  for 
Intel’s  2164A.  an  NMOS  DRAM  device.  The  procedure 
described  in  this  paper  is  based  (m  our  current  under- 
sunding  of  charge  generation  and  collection  at  reverse- 
biased  junctions.  Since  these  are  the  SEU-sensitive 
targets  in  all  device  types,  the  procedures  should  be 
applicable  to  CMOS  and  bipolar  circuits  with  ap¬ 
propriate  modification  for  differences  in  circuit  re- 
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Fig.1.  Transmission-type  solid  state  particle  detector. 


sponse.  The  flnal  objective  is  to  discuss  the  uncertain¬ 
ties  in  error-rate  calculations  resulting  from  the  failure 
of  the  models  used  to  predict  the  substantial  deviations 
from  a  step  function  increase  in  SEU  cross  section  as  a 
function  of  the  linear  energy  transfer  (LET)  of  the 
incident  particle. 

2.  First  order  model  of  soft  errocs 

Current  algorithms  assume  that  an  SEU-sensitive 
junction  responds  to  being  traversed  by  a  charged  par¬ 
ticle  in  a  manner  similar  to  a  solid-state  particle  detec¬ 
tor  of  the  transmission  type  shown  in  fig.  1.  When 
sufficient  bias  is  applied,  the  detector  is  fully  depleted 
and  all  the  charge  generated  within  the  silicon  slab, 
except  for  a  thin  dead  layer,  is  collected  to  form  a 
transient  voltage  pulse  between  the  gold  and  aluminium 
electrodes.  If  the  measured  charge  collection  is  plotted 
versus  the  LET  of  the  traversing  particle,  one  obtains 
for  a  fully  depleted  detector  a  linear  relationship  of  the 
type  shown  in  flg.  2.  The  slope  is  the  thickness  of  the 
sensitive  volume,  i.e.,  the  thickness  of  the  slab  minus  the 
dead  layer. 


Fig.  2.  Charge  coUection  versus  LET  for  detector  of  fig.  1.  If 
the  charge  collected  is  expressed  in  units  of  energy  deposition 
MeV  and  the  LET  is  expressed  in  units  of  MeV/pm,  the  slope 
is  the  path  length  through  the  sensitive  volume. 


The  first  order  model  for  soft  errors  in  microelec¬ 
tronics  replaces  the  SEU-sensitive  junction  by  a  volume 
of  silicon  with  dimensions  chosen  so  that  the  charge 
generated  within  the  sensitive  volume  equals  the  charge 
collected  at  the  junction.  The  lateral  dimensions  of  the 
sensitive  volume  are  slightly  larger  than  those  of  the 
junction,  but  the  thickness  is  harder  to  specify.  For  bulk 
CMOS,  NMOS  and  bipolar  devices,  the  junctions  be¬ 
have  like  partially  depleted  detectors  with  the  important 
difference  that  the  junction  area  for  a  microcircuit 
element  is  so  small  that  the  charge  generated  along  the 
portion  of  the  trajectory  within  the  sensitive  voiume 
may  be  comparable  to  the  charge  stored  in  the  depletion 
region.  As  a  result,  the  onset  of  charge  collection  from  a 
heavily  ionizing  track  may  interfere  with  subsequent 
collection  thereby  destroying  the  linear  relationship 
shown  in  fig.  2  [6].  For  circuits  using  CMOS/SOI 
technology  the  sensitive  volume  should  be  confined  to 
the  region  between  the  junction  and  the  insulator  sub¬ 
strate. 


3.  Dimensions  of  the  sensitive  volume 

When  a  charged  particle  traverses  a  partially  de¬ 
pleted  junction  of  the  type  shown  in  fig.  3,  the  charge 
collected  in  the  depletion  region  of  the  junction  forms 
only  a  fraction  of  the  total  charge  collected.  Larger 
components  are  collected  either  by  drift  along  the  seg¬ 
ment  of  charge  adjacent  to  the  junction  (field  funneling) 
or  by  diffusion  from  further  along  the  track.  This  means 
that,  at  least  for  particles  incident  perpendicular  to  the 
surface,  the  detector  of  fig.  3  can  divided  into  three 
layers  of  charge  collection  corresponding  to  prompt  and 
efficient  collection  by  drift  in  the  depletion  and  funnel¬ 
ing  layers  and  slower  and  inefficient  collection  from  the 
rest  of  the  detector.  Expressions  for  the  thickness  of  the 
depletion  layers  in  terms  of  the  doping  concentration  on 
both  sides  of  the  junction  and  the  applied  bias  are  given 
in  most  texts  on  semiconductor  physics  [7].  Hu  [8]  and 
Oldham  and  McLean  [9]  have  derived  expressions  for 
the  charge  collection  by  funneling  which  are  in  reasona¬ 
ble  agreement  with  experimental  measurements.  Accor- 


Fig.  3.  Partially  depleted  solid  state  particle  detector. 
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ding  to  Hu  there  is  a  linear  relationship  between  the 
charge  collected  and  the  LET  while  for  Oldham  and 
McLean  the  relationship  is  a  power  law  of  the  LET 
where  the  charge  collected  is  proportional  to  LET^, 
with  1  4/3.  There  has  been  some  preference  for 

using  Hu’s  expression  in  determining  the  dimensions  of 
the  equivalent  sensitive  volume  because  Hu’s  model 
leads  to  thickness  of  the  drift  layers  which  are  indepen¬ 
dent  of  the  stopping  power  or  linear  energy  transfer 
(LET)  of  the  incident  particles.  In  many  important 
device  technologies,  the  largest  component  of  the  charge 
collected  arrives  by  diffusion.  Previous  estimates  of  this 
component  and  the  corresponding  thickness  of  the  sen¬ 
sitive  volume  involved  random  walk  modeling  using 
computer  simulations  [10].  We  present  here  a  simple 
equation  for  estimating  the  strength  of  the  diffusion 
component  of  the  charge  collected  and  an  expression 
for  the  thickness  of  the  diffusion  layer  of  the  equivalent 
sensitive  volume. 

Typically,  the  lateral  dimensions  (length  x  width)  of 
the  SEU-sensitive  junction  are  taken  to  be  the  corre¬ 
sponding  dimensions  of  the  sensitive  volume.  The  thick¬ 
ness  of  the  sensitive  volume  is  chosen  such  that  the 
charge  which  would  be  generated  in  this  equivalent 
sensitive  volume  equals  the  charge  collected  at  the  real 
junction.  This  collected  charge  has  three  contributions: 
(1)  charge  collected  by  drift  in  the  depletion  layer,  (2) 
charge  collected  by  field  funneling  from  outside,  and  (3) 
charge  that  diffuses  into  the  depletion  region  after  the 
funneling  of  charge  has  ceased. 

Random  walk  is  assumed  to  be  the  characteristic  of 
motion  of  the  carriers  arriving  by  diffusion.  The  sim¬ 
plest  assumption  is  that  the  probability  that  a  charge 
will  arrive  at  the  junction  depends  on  the  solid  angle 
subtended  by  the  junction.  The  solid  angle  subtended 
by  a  circular  junction  of  radius  a  from  the  location  of  a 
point  charge  newly  generated  a  distance  z  along  its  axis 
of  symmetry  is  given  by; 

where  D  is  the  solid  angle  and  z  is  the  depth  of 
collection.  When  z  a  eq.  (1)  can  be  approximated  by: 

0(z)  ^‘ita^/z^. 


The  probability  of  collection  is  the  ratio  F(z)  between 
the  solid  angle  and  4<ii: 


The  charge  collected  by  diffusion  can  then  be  esti¬ 
mated  from 


Cd-Jj  "  (3) 


where  is  the  diffusion  velocity,  r  is  the  minority 
carrier  lifetime.  I,  is  the  funneling  loigth  and 

dQ  _  LET(z) 
w 

where  w  is  a  conversion  factor  from  MeV  to  pico- 
coulomb  (22.5  MeV/pC  for  silicoo  and  30.0  MeV/pC 
for  gaUium  arsenide).  The  LET  in  the  above  equations 
is  expressed  in  MeV/pm. 

If  the  LET  along  the  primary  particle’s  track  is 
constant  then  eq.  (3)  can  be  written 

Od  -  [‘'dT  - /f  -  (uir^  +  +  (/f  +  • 

(4) 


This  expression  was  derived  for  particles  incident  along 
the  axis  of  symmetry  perpendicular  to  the  junction  but 
provides  at  least  an  approximation  for  particles  striking 
the  junction  off  center.  The  equivalent  thickness  r,  of 
the  layer  of  the  sensitive  volume  corresponding  to  diffu¬ 
sion  is,  therefore: 


Od**' 

-  i [ «^dr  -  -  (oy  +  a^)‘"^  +  (/?  -H  .  (5) 

Eq.  (S)  represenu  the  diffusion  equivalent  thickness 
ty  It  depends  on  the  doping  coiKxntration  and  the  area 
of  the  device.  The  product  of  the  diffusion  velocity  and 
the  carrier  lifetime  v^r  must  be  s:  R,  where  R  is  the 
particle  track  length.  If  >  R  then  the  upper  limit  of 
the  integral  of  eq.  (3)  must  be  equal  to  the  track  length 
R.  If  the  circuit  has  a  time  constant  such  that  the  charge 
must  be  collected  within  that  interval  and  the  time 
constant  is  less  than  the  recombination  time,  then  that 
value  should  be  used  in  eq.  (5). 

The  thickness  of  the  depletion  region  fj  is  given  by 
the  following  expression: 


1/2 


(6) 


where  c  represents  the  permitivity  which  is  equal  11.9co 
for  silicon  and  13.1to  for  gallium  arsenide.  The  value  of 
Co  is  8.85419  x  10~'^  (C^  N“' m"^).  Also,  e  represents 
the  elecuonic  charge.  .V,  and  are  the  acceptor  and 
donor  dq;>ing  levels,  is  the  built-in  voltage,  and  K  is 
the  applied  bias  to  the  junction.  For  the  case  of  p-type 
substrate,  1/Af.  can  be  neglected  with  respect  to  1/A^o 
because  of  Af,  »  and  vice  versa  for  n-type  substrate. 

The  funneling  length  /f  can  be  estimated  from  the 
expression  given  by  Hu  [8]  for  p-type  substrate: 


0) 


where  and  Pp  are  the  electron  and  hole  mobilities. 
For  n-type  substrate,  the  ratio  Po/Pp  in  eq.  (7)  becomes 
Pp/p„.  The  total  thickness  of  the  sensitive  volume  t  can 
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Tabic  1. 

A  comparison  between  the  thickness  of  the  sensitive  volume 
calculated  from  eq.  (8)  and  the  one  calculated  from  the  ratio  of 
the  critical  charge  to  the  threshold  LET  for  two  devKes . 


Device 

Area 

Effective  thickness 

lum’l 

Eq.  (8) 

e„./LET,H 

(|im| 

[limj 

I2164A 

140 

3.5 

3.4 

TMS4256 

31 

2.1 

N/A 

be  estinuled  as  the  sum  of  the  drift  and  diffusion 
components: 

/  -  /,  +  ij  +  fj.  (8) 

Consider  the  following  example  in  which  the  thick¬ 
ness  is  calculated  for  Intel’s  2164A  DRAM  by  using  the 
information  available  from  the  manufacturer  which  in¬ 
cludes  the  area  of  the  sensitive  junction  (140  pm),  the 
depletion  width  (r,  —  0.18  pm)  at  S  V,  and  the  fact 

that  the  substrate  is  p-doped.  Using  eq.  (6)  to  determine 
the  doping  concentration  for  the  substrate  of  the  Intel 
2164  A  given  the  thickness  of  the  depletion  region  at  S 
V  given  above,  one  obtains  -  2.65  x  10*’  atoms/cm^. 
Fig.  3.28  of  ref.  [11]  can  be  used  to  estimate  the  carrier 
lifetime  as  1.4S  x  10'*  s  for  p-substrate.  The  and  fl¬ 
are  estimated  from  fig.  18  of  ref.  [7]  as  SSO  (cm’  V~' 
s'*)  and  243  (cm’  V’ s"*),  respectively.  The  value  of 
1 2  then  calculated  from  eq.  (7)  is  0.41  pm.  Eq.  (S)  is 
used  to  estimate  the  thickness  equivalent  to  diffusion  ty 
For  the  Intel  2164A  DRAM,  a  -  6.67  pm.  The  product 
of  1^4  and  r  is  equal  to  the  diffusion  length  Lq  , 

where  D„  -  p„  KT/if  and  »  0.0259  V  at  room 

temperature.  The  value  of  Lo  ^  45.53  pm  for  electrons. 
The  value  obtained  for  r,  is  2.89  pm.  The  sum  of  the 
three  thickness  from  eq.  (8)  is  3.5  pm  which  can  be 
taken  as  the  estimate  of  the  thickness  of  the  equivalent 
sensitive  volume. 

This  value  agrees  reasonably  well  with  the  value  of 
3.4  pm  estimated  by  the  ratio  of  the  critical  charge  149 
fC  from  the  manufacturer  and  the  threshold  LET  as 
determined  by  the  heavy  ion  data  [12].  Values  of  the 
thickness  of  the  sensitive  volume  estimated  this  way  are 
given  for  two  DRAMs  in  table  1. 


4.  Determining  the  critical  charge 

The  standard  method  for  determining  the  critical 
charge  is  to  irradiate  the  device  by  energetic  ions  over  a 
wide  range  of  LET  values  obtaining  a  plot  of  the  SEU 
cross  section  vs  effective  LET  similar  to  that  shown  in 
fig.  4  for  Intel’s  2164  A,  a  DRAM.  Threshold  occurs 
when  the  SEU  cross  section  rises  with  LET  until  reach¬ 
ing  a  plateau  value  which  should  approximate  the  area 


of  sensitive  junction.  The  data  for  this  device  was  cho¬ 
sen  for  illustration  because  the  manufacturer  has  pro¬ 
vided  an  estimate  of  the  critical  charge  as  well  as  the 
other  circuit  data  needed  for  modeling.  The  plateau 
cross  section  agrees  with  the  area  of  the  storage  cell. 
The  threshold  LET  at  normal  incident  can  be  obtained 
from  the  ratio  of  the  critical  charge  and  the  thickness  of 
the  sensitive  volume.  The  latter  is  obtained  from  eqs.  (4) 
through  (8).  The  critical  charge  was  provided  by  the 
manufacturer.  The  triangle  in  fig.  4  has  this  threshold 
LET  for  an  abscissa  value  and  50%  of  the  plateau  value 
for  its  ordinate.  It  appears  to  be  consistent  with  the 
heavy  ion  data  in  fig.  4.  The  dau  from  Tig.  4  formed  the 
basis  of  Monte  Carlo  simulations  using  the  CUPID 
codes  [13]  to  predict  the  proton  SEU  cross  section  at  a 
number  of  incident  energies  and  the  values  obtained 
were  in  agreement  with  the  experiment  [12]. 

Given  the  consistencies  listed  above,  it  appears  rea¬ 
sonable  that  the  critical  charge  can  be  properly  esti¬ 
mated  from  the  product  of  the  LET  and  the  path  length 
through  the  sensitive  volume.  The  problem  with  this 
approach  is  that  heavy  ion  irradiations  are  expensive 
and  tedious.  There  is  an  alternative  procedure  which 
requires  only  a  single  irradiation  with  protons.  It  con¬ 
sists  of  a  proton  irradiation  carried  out  to  determine  the 
SEU  cross  section  at  a  given  incident  energy  for  com¬ 
parison  with  a  simulation  of  the  charge-collection  spec¬ 
tra  for  the  same  irradiation  using  the  CUPID  simula¬ 
tion  codes.  The  CUPID  codes  have  been  shown  to 
accurately  predict  charge-collection  specua  in  well  de- 
Tuied  sensitive  volumes  having  an  area  of  25  mm’  and 
thickness  ranging  from  2.5  to  97  pm.  Fig.  5a  shows  the 
simulated  charge  collection  spectra  for  a  sensitive 
volume  having  the  cross  sectional  area  of  the  sensitive 
junction  listed  in  table  1  for  the  216A  and  the  calcu¬ 
lated  thickness  of  3.6  pm  exposed  to  protons  incident  at 
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Fig.  S.  SEU  cross  section  vs  charge  collected.  Data  represents  values  obtained  from  simulations  using  CUPID  for  two  devices  (a) 
Intel  2164A,  a  64K  DRAM  and  (b)  Texas  Instruments  TMS  42S6,  a  2SblC  DRAM.  Simulations  are  shown  for  40,  90  and  148  MeV. 
Horizontal  lines  are  SEU  cross  sections  and  corresponding  vertical  lines  are  the  estimated  values  of  the  critical  charge. 


energies  of  40,  90  and  148  MeV.  The  spectra  are  plotted 
as  an  integial  spectra,  i.e.,  the  cross  section  for  gener¬ 
ating  at  least  some  value  of  the  charge  is  plotted  against 
that  value  of  the  charge.  The  measured  SEU  cross 
section  for  that  device  is  represented  by  a  horizontal 
line  in  fig.  Sa  drawn  until  it  reaches  the  simulation 
curve;  the  vertical  line  drawn  from  this  point  of  inter¬ 
section  marks  the  value  of  the  critical  charge  on  the 
abscissa.  Despite  the  significant  difference  in  iht  three 
spectra  and  the  SEU  cross  sections,  the  values  obtained 
for  the  critical  charge  ^pear  to  be  consistent  Fig.  Sb 
illustrates  the  same  approach  for  the  TMS  4256.  Table  2 
lists  the  value  of  the  critical  charge  obtained  this  way 
for  the  148  MeV  protons  irradiation  for  both  devices 
along  with  the  value  estimated  from  the  manufacturer 
for  the  Intel  2164A.  The  values  obtained  for  Intel 
2164A  at  40  and  90  MeV  protons  are  141  and  163  fC, 
respectively.  The  values  obtained  for  the  Intel  device  are 
consistent  with  the  manufacturer’s  estimate  and  also 
with  the  value  obtained  from  the  product  of  the 
threshold  LET  in  fig.  4  and  the  thickness  of  the  sensi¬ 
tive  volume  calculated  from  eqs.  (4)  through  (8).  The 


values  obtained  for  TMS42S6  at  40  and  90  MeV  pro¬ 
tons  are  42  and  57  fC,  reflectively.  Unfortunately,  a 
theoretical  estimate  of  the  critical  charge  for  the  TMS 
4256  was  not  available.  Manufacture’s  estimates  of  the 
charge  that  can  be  stored  in  a  full  cell  is  also  listed  in 
uble  2  for  both  devices 


5.  ComplicatkMis  in  die  first  order  model 

The  modeling  approach  described  above  assumes 
that  the  charge  collected  is  the  same  as  the  value  ob¬ 
tained  from  the  product  of  the  LET  and  the  path  length 
through  the  sensi'  re  volume  and  that  the  dimensions  of 
the  sensitive  volume  are  indepiendent  of  LET.  This 
ignores  a  possible  increase  in  the  funneling  component 
of  the  thickness  with  LET  [9]  and  a  possible  decrease  in 
thickness  with  LET  due  to  recombination  increasing 
with  LET.  Significant  reductions  in  the  calculated  thick¬ 
ness  with  LET  have  been  observed  for  charge  collection 
measurements  obtained  with  the  2164A  [6]  but  with  the 
storage  cells  in  the  full  rather  than  empty  state.The 


Table  2. 

A  compah<on  of  the  critical  charge  (Q^)  from  the  manufacturer  with  the  value  estimated  using  CUPID  cakulatioas  and  experimental 
SEU  cross  section  for  148  MeV  protons 


Device 

Stored 

SEU 

Qc 

G. 

charge 

cross  section 

(manufacturer) 

(CUPID) 

[fq 

(cmVBit) 

(fq 

(«q 

I2164A 

435 

4.35 

149 

156 

TMS4256 

250 

1.54 

N/A 
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Fig.  6.  Charge  collection  spectra  obtained  for  three  devices 
tvith  junction  areas:  (a)  3x  lO’  |iin^  (b)  140  pin^.  and  (c)  31 
|inr.  The  first  spectrum  is  measured  from  a  test  structure  while 
the  latter  two  are  measured  from  the  power  lines  of  DRAMs. 


depletion  width  is  approximately  30%  lower  for  the  full 
state  than  it  is  for  the  empty  stale.  This  reduction  with 
increasing  LET  may  also  be  the  result  of  the  small  area 
of  the  junctions  for  two  reasons.  First,  the  fact  that  the 
charge  injected  is  comparable  to  the  total  charge  stored 
in  the  depletion  region  of  a  small  area  junction  may 
reduce  the  drift  contributions  from  the  values  obtained 
with  larger  area  junctions  [7-9],  Second,  the  charge 
arriving  at  the  depletion  region  of  a  small  area  junction 
must  travel  close  to  the  trajectory,  thereby  increasing 
changes  of  recombination.  It  is  most  important  that  the 
question  of  whether  the  charge  collected  is  proportional 
to  the  LET  be  settled  by  experiment  for  CMOS  and 
other  important  junctions.  A  second  complication  is 
that  the  charge  collected  upon  exposure  to  monoen- 
ergetic  ions  in  a  narrow  range  of  LET  values  is  a 
sharply  peaked  spectra  only  for  large  area  junctions. 
The  spectra  obtained  for  three  junctions  with  areas  of 
3  X  10^,  140  and  31  pm^  are  compared  in  fig.  6.  The 
first  junction  is  a  single  test  structure  while  the  data  for 
the  latter  two  junctions  were  measured  off  the  power 
lines  of  working  DRAMs  following  the  techniques  de¬ 
scribed  for  DRAMs  in  ref.  [6]  and  NMOS  SRAMs  in 
ref.  (14).  The  broad  band  of  events  to  the  right  of  the 
peaks  are  due  to  particles  hitting  input/ output  struc¬ 
tures  outside  the  memory  array. 

The  peaks  in  the  spectra  of  fig.  6b  and  c  are  due  to 
traversals  of  the  memory  array  [6].  The  dimensions  of 
the  junctions  in  fig.  6c  approach  those  typical  of  CMOS. 
The  peak  is  smaller  and  broader  for  the  smaller  junc¬ 
tions.  As  the  junctions  decrease  in  size  their  charge 
collection  properties  become  complicated.  The  number 
of  particles  traversing  the  central  region  of  the  sensitive 
volume  (central  hit)  decrease  relative  to  the  number 
hitting  the  edges  of  missing  the  junction  entirely  [IS]. 
Hits  on  the  edge  have  been  shown  to  result  in  enhanced 
charge  collection.  When  the  particles  miss  the  junction 
some  charge  still  arrives  at  the  junction  by  diffusion. 
These  events  should  appear  to  the  left  of  the  peaks  in 
figs.  6b  and  c  while  edge-effect  events  should  lie  to  the 
right  of  the  peaks.  Unfortunately,  the  region  to  the  right 
of  the  peaks  in  fig.  6c  are  dominated  by  hits  in  the 
input-output  circuitry. 

S./.  Threshold  dependence  on  LET 

This  charge-collection  spectra  observed  for  small  area 
junctions  may  be  the  basis  of  the  slow  rise  in  SEU  cross 
section  with  LET  seen  in  fig.  4  and  in  many  other  data 
sets.  When  the  product  of  path  length  and  LET  is  below 
the  critical  charge  there  are  still  some  events  which 
induce  upsets,  presumably  because  the  charge  collected 
exceeds  threshold.  This  suggests  that  the  shape  of  the 
cross  section  versus  LET  curve  should  depend  on  the 
area  of  the  junction.  It  is  imperative  that  the  reason  for 
the  slow  rise  of  the  SEU  cross  section  with  LET  be 
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Table  3- 

A  comparison  of  the  upset  rate  calculations  using  a  single 
threshold  with  the  more  detailed  calculation . 

Algorithm  predictions  for  2I64A 
(Adams  90%  worst  case  environment) 

Technique  Upsets/bit-day 

Single  (S0%)  3.3x10'* 

Multiple  2.7x10'* 


understood  sufficiently  to  allow  quantitative  predictions 
because  it  is  currently  a  limiting  factor  in  SEU  rate 
estimates  for  space.  Table  3  compares  the  SEU  rates 
predicted  by  the  CREME  program  {16]  for  Intel’s  2164A 
using  a  single  sensitive  volume  with  the  dimensions 
estimated  by  the  procedures  described  above  and  the 
predictions  obtained  by  representing  the  dau  of  fig.  4 
by  a  weighted  set  of  sensitive  volumes,  each  set  having 
different  total  area  and  different  thresholds,  as  de¬ 
termined  by  the  dashed  curve  fltting  the  shape  of  the 
rise  in  fig.  4.  As  seen  in  table  3,  there  is  a  difference  of 
an  order  of  magnitude  between  the  single  threshold 
result  and  the  result  of  the  more  detailed,  and  presuma¬ 
bly  more  correct,  calculation. 

The  following  analysis  illustrates  how  the  shape  of 
the  charge  collection  spectra  can  influence  that  of  the 
threshold  curve.  Let  it  be  assumed  that  a  device  having 
SEU-sensitive  junctions  which  are  identical  to  the  above 
test  structure  will  upset  if  more  than  some  critical 
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charge  is  collected  but  not  otherwise.  Let  it  be  further 
assumed  that  the  value  of  the  critical  charge  corre¬ 
sponds  to  the  position  on  the  pulse-height  spectra 
marked  in  fig.  7.  Let  particles  be  incident  with  LET 
values  of  x,  2x  and  3x.  The  lower  figure  illustrates  how 
the  cross  section  for  pulses  exceeding  varies  with  the 
incident  particle's  LET.  Since  for  an  LET  value  of  x 
none  of  the  pulses  deliver  more  charge  than  Q^,  the 
number  of  events  in  which  threshold  is  exceeded  for 
that  LET  must  be  zero.  If  the  particle’s  LET  is  doubled 
to  2x,  the  pulse-height  spectrum  shifts  to  higher  en¬ 
ergies  as  shown  in  the  middle  figure  on  top  of  fig.  7  so 
that  the  peak  position  coincides  with  the  critical  charge. 
This  means  there  will  be  a  sharp  rise  in  the  number  of 
times  that  threshold  is  exceeded  between  LET  —  x  and 
LET  ••  2x,  as  illustrated  in  the  lower  figure,  and  that 
the  steep  rise  continues  until  LET  values  are  reached 
where  the  entire  peak  lies  to  the  right  of  Q^,  as  it  does 
for  LET  -  3x. 

The  shape  of  the  threshold  response  curve  in  the 
lower  figure  of  fig.  7  is  determined  by  the  shape  of  the 
peaks  in  the  pulse-height  spectra  for  the  device.  The 
cross  section  would  be  zero  for  LET  values  up  to  and 
including  x.  It  remains  zero  until  the  LET  values  are 
reached  where  a  few  enhanced  charge-collection  events 
exceed  the  critical  charge.  The  cross  section  at  this  point 
is  much  smaller  than  the  geometric  cross  section  of  the 
junction.  As  the  LET  increases  so  that  a  fraction  of  the 
events  making  up  the  peak  exceed  the  critical  charge, 
the  cross  section  increases  rapidly.  The  ratio  of  the 
number  of  events  under  the  peak  in  fig.  7  to  the  fluence 
should  be  the  area  of  the  junction  as  it  was  earlier  for 
the  particle  detector.  Therefore,  the  cross  section  after 
the  sharp  rise  in  LET  should  be  just  above  the  geomet¬ 
ric  cross  section  of  the  junction  A,  as  shown  in  the 
lower  figure.  Beyond  LET  «  3x  the  cross  section  con¬ 
tinues  to  increase,  but  the  rise  is  now  more  gradual. 
This  gradual  increase  is  due  to  the  events  in  which  the 
particle  misses  the  junction,  but  the  charge  collected  by 
diffusion  still  exceeds  the  critical  charge. 


Fig.  7.  Schematic  representation  of  pulse-height  spectra  ob¬ 
tained  by  exposure  of  the  same  device  to  particles  at  an 
LET  »  X.  LET  -  2x,  and  LET  «  3x.  represents  the  critical 
charge  for  that  devices.  The  bottom  plot  is  of  the  cross  section 
for  depositing  at  least  vs  LET  for  the  same  device.  The 
shape  of  the  cross  section  curve  is  determined  by  the  shape  of 
the  p>eak  in  the  charge-collection  spectra  shown  above. 


6.  Multiple-upsel  events 

Fig.  8  shows  a  pattern  of  upsets  obtained  from  an 
irradiation  of  the  Intel  2164A  with  heavy  ions.  The 
location  of  each  upset  is  plotted  according  to  its  topo¬ 
logical  location  on  the  die.  The  pins  of  the  chip  package 
are  shown  for  orientation.  No  events  are  seen  in  the 
external  right  hand  portion  of  the  memory  array  be¬ 
cause  of  the  shadowing  of  the  beam  by  an  obstacle.  The 
pattern  in  the  exposed  area  appears  to  show  more 
clumping  than  expected  from  a  random  distribution.  In 
fact  the  computer  reports  numerous  multiple-error 
events  despite  the  fact  that  the  data  was  taken  with  the 
beam  particles  incident  at  an  angle  of  60”  to  the 
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Fig.  8.  Topographical  map  of  errors  on  Intel  2164A  for  heavy 
ions  incident  at  30"  above  plane  of  die.  multiple  errors  evident 
as  clumps. 


surface.  At  this  angle  of  incidence,  each  particle  traverses 
only  one  junction.  Multiple-error  events  are  also  com¬ 
mon  at  normal  incidence.  Multiple-error  events  have 
also  been  reported  in  VLSI  CMOS  where  the  sensitive 
junctions  are  not  adjacent  as  in  DRAMS.  One  possible 
explanation  is  that  the  field  funneting  does  not  start 
until  the  tracks  have  expanded  by  ambipolar  diffusion 
sufficiently  to  trigger  simultaneous  funnels  at  different 
junctions  [17].  An  alternative  explanation  may  be  sug¬ 
gested  in  the  spectra  of  fig.  6.  If  the  peak  value  is  above 
threshold  the  same  particle  trajectory  may  be  a  “hit" 
for  one  junction  and  a  “miss”  for  a  number  of  other 
neighboring  junctions.  The  “missed”  junctions  for  which 
the  charge  collection  exceeds  the  critical  charge  will  also 
be  upset.  Whatever  the  explanation  turns  out  to  be 
multiple-error  events  are  increasing  in  importance  as 
the  junction  area  shrinks. 


7.  Summary 

Current  algorithms  for  calculating  SEU  rates  require 
specification  of  the  dimensions  of  a  critical  volume  to 
be  associated  with  each  SEU-sensitive  junction  and  the 
value  of  the  critical  charge  which  must  be  generated 
within  the  volume  for  an  upset  to  occur.  Theoretical 
and  experimental  procedures  are  provided  for  determin¬ 
ing  those  parameters.  The  value  of  the  critical  charge 
estimated  using  the  measured  SEU  cross  section  and  the 
CUPID  code  simulations  for  the  same  incident  proton 
energies  agree  with  the  manufacturer’s  estimate  and  the 
heavy-ion  data  for  the  Intel  2164A.  Equations  are  pre¬ 
sented  which  estimate  the  thickness  values  for  the 


equivalent  sensitive  volume.  The  value  of  the  critical 
charge  given  by  the  product  of  the  SEU  threshold  LET 
measured  with  heavy  ions  and  the  estimated  thickness 
agrees  with  the  proton  estimates  and  the  value  given  by 
the  manufacturer.  The  charge  collection  spectra  mea¬ 
sured  on  microelectronic  circuits  are  distributed  about 
the  value  given  by  the  product  of  LET  and  path  length 
through  the  sensitive  volume.  This  distribution  may 
provide  an  explanation  for  the  gradual  rise  in  SEU 
cross  section  with  LET.  There  is  still  a  large  inaccuracy 
inherent  in  assuming  a  single  step  function  threshold 
without  taking  the  shape  of  the  rise  in  cross  section  with 
LET  into  account. 
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ABSTRACT 

The  transient  voltage  swings  which  result  from  the  coUeetkm  of  charge  across  junctions  traversed  by  heavy 
ions  can  be  measured  from  the  power  and  ground  pins  of  static  RAMs  using  pulse-height  analysis  systeme 
simikr  to  those  used  for  solid  state  detectors.  Procedures  for  estimating  the  dimensions  ci  the  sasithe 
volumes  to  be  associated  with  the  SEU-aensitive  junctions  Cram  the  pulse-height  data  are  described  along 
with  a  simple  procedure  for  estimating  the  critical  charge  from  a  cMnpariaon  of  the  SEU  erase  section 
measured  with  protons  and  the  pulse-height  spectra  obtained  with  the  CUPID  simulation  codes.  Theae 
procedures  are  demonstrated  on  the  IDT  6116V,  an  RMOS  SRAM. 


KEYWORDS 

SEU;  critical  charge;  RMOS;  SRAM;  mkroelectronk;  reverse-biased  junction. 

INTRODUCTION 

Manufacturers  increase  the  number  ct  logic  elements  on  modem  microelectronic  circuits  by  decreasing  the 
average  aise  of  the  individual  circuit  elements.  As  thdr  dimensions  approach  microecopic  values,  the  ele¬ 
ments  become  sensitive  to  ionising  radiation  in  an  entirely  new  way.  It  was  discovered  that  the  electrical 
state,  and  hence  the  logic  state,  of  theae  elements  could  be  altered  as  a  result  of  a  single  interaetkm  with 
an  energetic  coenuc-ray  particle  (Binder  et  aL,  1075).  This  phenomenon  is  known  as  a  single  event  upset 
(SEU).  The  logic  states  of  circuit  elements  become  more  sensitive  to  SEUs  as  their  dimenaons  decrease 
because  correspondingly  smaller  differences  in  charge  storage  on  these  junctions  separate  the  two  lo^ 
states  of  the  element.  Information  is  represented  on  some  modem  devices  by  such  small  amounts  of  energy 
that  it  can  be  altered  by  the  passage  of  a  particle  as  lightly  ionising  as  an  alpha  particle. 

The  algorithms  currently  in  use  for  predicting  SEUs  require,  as  input,  the  dimensions  of  the  equivalent 
sensitive  volume  associated  with  each  SEU-eensitive  junction  and  the  threshold  value  of  the  charge  (critical 
charge)  which  must  be  generated  within  the  sensitive  volume  to  upset  the  circuit  element  (Pkkel  et  aL, 
IMO,  McNulty,  1090).  Because  the  number  of  ion  pairs  generated  is  proportional  to  the  energy  deposited 
for  moet  radiations,  the  critkal  charge  can  also  be  expreesed  as  a  threshold  energy  deposited.  This  article 
denMmstrates  simple  experimental  procedures  for  estimating  the  dimensions  of  the  sensitive  volume.  It  also 
describes  a  simple  procedure  for  estimating  the  critical  charge  for  a  device  by  means  of  a  single  irradiation 
by  protons.  These  procedures  are  illustrated  and  tested  by  analysis  of  the  IDT  6116V  RMOS  SRAM.  The 
paper  begins  with  a  brief  discussion  of  reverse-biased  junctions  and  their  use  in  particle  detector  systems. 

REVERSE-BIASED  JUNCTIONS 

The  reverse-biased  junction  formed  at  the  interface  between  regions  of  a  silicon  crystd  which  have  different 
doping  characteristics  is  the  basis  for  both  the  diode  action  required  for  the  operation  of  the  transistors 
forming  modem  microelectronic  circuits  and  the  particle  detection  characteristics  which  lead  to  SEUs. 
A  depletion  region  consisting  of  layers  of  positive  and  negative  charges  appears  on  opposite  sides  of  the 
junction,  as  shown  in  Fig.  1.  The  depletion  region  grows  thicker  when  the  junction  b  reveiae  biased, 
becoming  thinner  in  the  absence  of  bias  and  thinning  to  the  point  of  disappearance  as  the  junction  ia 
forward  biased.  The  charges  in  the  layers  making  up  the  depletion  re^n  are  fixed  to  the  donor  and 
acceptor  atoms  on  either  side  of  the  junction  and,  consequently,  the  thickness  of  the  depletion  region 
depends  on  the  doping  levels  on  both  sides.  The  higher  the  doping  density,  the  thinner  the  depletion  re^on 
is  on  that  side  of  the  junction.  Strong  electric  fields  cmmect  the  charges  on  either  side,  and  the  direction 
of  the  field  lines  orient  perpendicular  to  the  junction.  In  the  absence  of  external  disturbances,  the  electric 
field  does  not  extend  beyond  the  depletion  regkm.  Charges  genemted  as  electron-hole  pairs  within  the 
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depletion  region  or  individunl  chergae  wendering  into  tlie  depletion  region  ere  accelemted  undw  the  force 
of  the  field  with  electrons  and  holes  attracted  to  opposite  sides.  This  fiow  of  current  across  the  junction 
results  in  a  measurable  decrease  in  the  voltage  difference  acroas  the  junction.  This  voltage  swing  is  the 
basis  of  the  operation  of  solid-state  silicon  and  germanium  particle  detectors  as  well  as  the  mechanism  for 
SEUs  in  microelectronic  circuits. 
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Fig.  1.  Schematic  of  a  reverse-biased  junction. 
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The  fully  depleted  surface  barrier  detector  is  the  easiest  example  of  charge  collection  to  analyse  quantita¬ 
tively.  A  photograph  of  a  silicon  surface-barrier  detector  consisting  of  a  biased  p-n  junction  with  metallic 
surface  electrodes  is  shosvn  in  Fig.  2  along  with  a  schematic  cross  sectional  view.  The  circuitry  necessary 
to  measure  and  record  the  amount  of  charge  collected  as  a  result  of  the  junction  being  traversed  by  a 
charged  particle  is  outlined  in  Fig.  S.  U  the  detector  is  fully  biased,  the  depletion  region  fills  almost  the 
entire  volume  of  the  silicon,  and  all  the  electrons  and  holes  are  accelerated  under  electric  fields  toward  thrir 
respective  terminals.  The  result  is  a  fast  voltage  pulse.  The  preamplifiers  used  in  pulse-height  analysis 
have  long  time  constants  relative  to  the  tine  required  for  the  charge  collection  and  the  time  constants  of 
the  device.  As  a  result,  the  pulse  height  6l  the  signal  emerging  from  the  preamplifier  is  proportional  to  the 
integral  over  time  of  the  current  pulse  from  the  detector,  which  means  that  the  signal  entering  the  amplifier 
is  proportional  to  the  total  charge  collected  across  the  junction.  The  shaping  amplifier  increases  the  pulse 
height  so  that  it  lies  within  a  range  ot  values  suitable  f»  sorting  by  the  pulse-height  analyser.  See  Knoll 
(Knoll,  1980)  for  a  complete  discussion  of  the  operation  of  particle  detectors  and  pube-height  analysers. 


Fig.  2.  a)  Photograph  a  surface  barrier  detector,  b)  Schematic  of  a  fully 
depleted  verrion  in  cross  section. 
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Fig.  S.  Circttit  UMd  for  pnl— -hoight  lAalpsii. 


Figurt  4  aboMi  a  tjrpieal  pvke-haight  ipactnun  obtained  when  tbe  detector  in  Fig.  2  k  irradiated  with 
identical  monoenergetic  beary  iona,  in  tbk  caae  4.8  KfeV  alpbaa.  Charge  collection  k  plotted  cm  tbe  ah' 
ackaa  in  tbe  nnita  of  energy  depoaition  typkally  naed  in  radiation  pby^ca.  Tbe  equivalence  betrreen  cbaige 
collected  and  energy  depoaited  k  baaed  on  t^  fact  that  for  moat  particlaa  tbe  nninber  of  ekctroa-bok 
paira  generated  along  tbe  path  of  an  ionking  partick  k  proportional  to  tbe  energy  depodted  aloag  tbe 
trqjecUny.  Tbe  average  energy  depoaited  per  pair  gener^ed  k  S.8  eV  for  ailkon  and  4  J  eV  for  galBnm 
araenide  with  tbe  reault  that  1  pC  k  tbe  charge  collected  when  22.5  MeV  energy  k  depoaited  in  ailicoo  and 
1  pC  in  gallium  araenide  requirea  an  average  depoaition  of  30  MeV. 
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Fig.  4  PHA  apectrum  for  a  fully  depleted  detector  expoaed  to  4.8  MeV  alpbaa 
at  room  temperature. 
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Dimennons  of  the  Sensitivt  Volume 

A  apectrum  of  the  type  abovm  in  Fig.  4  can  be  uaed  to  confirm  the  area  of  the  aenaHWe  voinma  of  tbe 
detector.  The  aenaitive  volume  k  defined  to  be  that  region  of  tbe  ailicon  within  which  tbe  cbargea  generated 
by  the  traveraing  particlaa  are  efficiently  collected  at  the  junction.  For  tbe  aurface-barrier  detector,  tbe 
aenaitive  volume  k  virtually  the  entire  alab  of  atlkmi.  Only  the  cbargea  generated  witUn  the  ultratUn 
dead  iayera  formed  by  the  highly  doped  regiona  of  tbe  ohmk  contacta  are  not  eoUected.  The  ratio  of  tbe 
number  of  evenU  under  the  peak  to  the  finance  of  incident  partklaa  equak  the  croaa  aectkmal  area  of  the 
aenaitive  volume  of  tbe  detector.  The  tbickneaa  can  be  obtained  from  tbe  peak  poaition  in  tbe  apectrum 
uaing  rango-energy  tabka. 
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Th«  chug*  coUactod  ktom  a  junction  travanad  by  an  ioniaing  particle  dapanda  m  the  daiaity  of  ckarge 
ganaratad  along  the  particle*!  trajectory.  The  linear  energy  tranafer  (LET)  rcpreaenta  both  tbe  aaeigy 
dapoaitad  in  the  medium  per  unit  path  length  and  the  number  of  pain  generated  per  unit  pathlangth.  A 
relatad  concept  often  uaad  in  characterising  the  SEU-aenaitivity  of  a  device  ia  the  ‘Effective  LET*  which 
is  defined  in  Fig.  5.  If  the  position  of  the  peak  of  the  puiae-height  spectra  is  plotted  venus  the  Effacthre 
LET  of  the  high^argy  incident  particle,  the  result  for  a  fully  depleted  detector  is  a  linear  relation  that 
passes  through  the  origin,  as  illustrated  in  Fig.  6.  The  skqw  of  the  curve  is  the  product  of  the  danai^  of 
silicon  2.32  g/cm*  and  the  thickness  of  the  sensitive  volume  of  the  detector.  Ther^ore,  for  fully  depleted 
detecton  at  least,  there  are  different  ways  of  experimentally  determining  the  dimensions  of  the  active  (or 
sensitive)  volume  of  the  silicon. 


EFFECTIVE  LET 
LETjvpp  s  LET  SEC  9 


Equivalent  to  the  LET  times  the 
pathlength  divided  by  the  thickness. 


Fig.  5.  Definition  of  effective  LET  for  a  thin  detector. 


Fig.  6-  Charge  collection  veraus  LET  for  thin  fully  depleted  silicon  insurface 
barrier  detectors  exposed  to  energetic  heavy  ions. 


One  advantage  of  working  with  thin  fully  depleted  detectors  is  that  models  of  energy  deposition  by  different 
radiationi  can  be  tested  in  well  defined  sensitive  volumes.  An  example  is  shown  in  Fig.  7  where  the  measured 
integral  energy  deposition  spectrum  is  compared  with  the  results  of  the  CUPID  (Clemson  University  Proton 
Interactiona  in  Devices)  simulation  codes  (Hamm  et  al.,  1981).  The  curves  are  integral  plots  i.e.,  they  are 
plots  of  the  cross  section  for  depositing  at  least  some  energy  E  versus  E.  This  format  is  useful  for  data 
analysis  because,  according  to  the  sensitive-volume  approach,  a  circuit  element  upsets  when  more  than  a 
threshold  amount  of  energy  (critical  charge)  is  deposit^  within  the  sensitive  volume.  The  ordinate  then 
becomes  the  cross  section  for  upsetting  a  device  with  a  critical  charge  given  by  the  abscissa.  Data  taken  in 
this  manner  has  been  used  for  comparison  to  other  Monte  Carlo  and  analytic  models  (McNulty  et  al.,1981, 
Hamm  et  al.,  1981). 
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ENCIiaY  OCPOSITCO  tItoV) 


Fig.  7>  Integral  munber  of  oveate  in  which  nt  leant  eneigx  E  m  <lqMnitnd  in 
a  detector  eenna  £  The  acthre  eensitiee  vohuBe  of  the  detector  ie  • 
cylindrical  dkk  with  a  cnee  aettional  ana  of  SSinm*  and  a  thickneaa 
of  a.8  pm.  The  experimental  data  waa  obtained  arith  an  Ortac  anrfine 
barrier  detector  and  the  theoretkaJ  ahwolationn  ware  carried  oat  neing 
CUPID. 


Jj/icfoefectroiuc  Jmiutioiu 

The  charge  coUectioa  at  an  8EU<oenaitiva  jonction  in  a  micnelectnnk  dreah  ie  mote  compBcated  than 
it  waa  for  the  fhlljr  depleted  Jnnctioaa  diameeed  abom  hacanee  the  circuit  Junctkma  an  only  partially  d^ 
piatad  and  they  an  much  emaher  in  ana  than  thoaa  on  the  detectera.  The  ^lenomena  ienrohad  in  charge 
coOactkmaciuee  a  email  partially  dvlatadjuactta  an  oatUned  in  Pig.  8.  The  paaaing  particle  ganaratee 
nnmeroaa  dactrona  and  hoiea  along  ite  tn^ectory.  Thie  cylindrical  ahaath  of  charge  acta  aa  an  electrical 
abort  through  the  depletion  ra^on.  The  eatin  caiman  of  charge  exponda  radially  by  amb^olar  dWaaion 
untU  the  charge  deneUy  lerel  nachae  the  doping  deaeity  of  the  modhun.  At  that  point  the  electric  laUe 
penetraU  the  ahaath  and  accelerate  the  chargee  toward  their  m^ecthu  electrical  cootacta.  Thie  latter  la 
the  ao<atled  funnehag  action  (  Hu,  1863,  hfcLeaa  at  al.,  1863,  (Mdham  at  aL,  1863  and  1866)  Eventually 
the  funnel  collapaae  and  eubaaqaent  charge  ie  cdlacted  by  the  aker  random  motion  typical  of  diHueion  Aa 
a  reault,  the  pulae  acroaa  each  a  junction  haa  a  tinw  eeqnence  which  ie  quite  diffanat  from  the  caae  of  the 
folly  depleted  detector  diafueaed  earlier.  Flgun  6b  iUuatratm  the  drift  and  diffoaion  componente  of  the 
charge-collection  current  aa  a  function  of  time.  Difluakm  contribatm  a  akerly  arriving  component  to  the 
total  charge  collected  at  the  junction  which  would  not  be  prouent  in  the  fully  depleted  detector. 


DEPENDENCE  ON  LET 

•  Depletion  region 

«  LET 

•  Funnel 

a  (LET)y  1  <  y  <  I 

•  Fnat  diffiraion 

a  LET  7 

C 


Fig.  6.  a)  Schematic  of  a  particle  travening  a  junetkm  showing  portions  of  the 
trrqectory  where  charge  is  collected  by  drift  and  diffusion,  b)  Charge 
collection  acroea  juncthms  wsus  time.  Portions  of  the  pulse  due  to 
drift  and  diffusion  an  illustrated,  c)  Dqwndence  of  the  charge  collection 
components  on  LET. 
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A  timpUiyuig  Mcumptioa,  whic>  prcaentiy  beinc  made  for  moet  SEU-rate  predictions,  is  that  the  thresh¬ 
old  for  upeetting  a  given  circuit  Jctermined  bjr  the  total  charge  c«diected  within  a  period  of  time  deter¬ 
mined  by  the  time  constants  of  the  circuit.  This  is  the  so-called  critical  charge.  With  the  circuits  typiral  of 
today’s  technology,  the  critical  charge  includes  all  of  the  depletion-region  and  fuimel  portions  of  the  drift 
component  and  some  part  of  the  diffusion  component.  Estimating  what  fraction  of  the  diffusion  compo¬ 
nent  of  the  charge  collected  contributes  to  upsetting  the  device  requires  comparison  of  oscilloscope  traces 
of  the  cha^e-coilection  pulses  with  the  circuit’s  relevant  time  constants.  Circuits  like  DRAMS  in  the  static 
mode  include  all  the  diffusion  as  well  as  the  drift  comprmotts,  while  circuits  with  switching  speeds  of  a 
few  nanoseconds  or  leas  would  include  little  or  no  diffusion.  It  is  difl&cuH  to  specify  the  appropriate  time 
constants  for  determining  the  fraction  of  the  charge  collected  which  contributes  to  upsetting  the  device. 
It  must  be  less  than  the  switching  speed,  but  how  much  less  is  not  easily  known,  by  the  purchaser  of  the 
device.  Circuits  currently  lying  in  space  have  switching  speeds  of  from  twenty  to  hundreds  of  nanoseconds 
and  so  some  portion  of  the  charge  arriving  by  diffusion  must  be  included.  Abdel-Kader  et  al  (1987)  discusse 
the  relative  contributions  of  the  drift  and  diffusion  components  of  the  charge  collected  for  a  small  junction 
in  bulk  silicon. 

There  are  other  complications  in  the  charge  collection  at  partially  depleted  junctions  beyond  the  extension 
of  the  temporal  pattern  induced  by  the  diffusion  component.  The  charge  collected  from  the  depletion  region 
should  on  average  increase  linearly  with  LET  until  the  LET  values  are  so  high  that  recombination  becomes 
important  or  the  charge  collected  approaches  the  fixed  charge  making  up  the  junction  and  the  depletion 
region  collapses.  The  drift  component  from  outside  the  depletion  region  is  taken  as  linear  by  Hu  (  Hu, 
1983)  and  as  nonlinear  by  Oldham  and  McLean  (McLean  et  al.,  1982,  Oldham  et  al.,  1983  and  1980)  but 
their  later  paper  does  not  rule  out  linearity.  This  is  an  important  point.  Fully  depicted  detectors  showed  a 
linear  relation  and  the  detector  could  be  modeled  as  a  sensitive  volume  of  silicon  where  the  charge  gener¬ 
ated  within  the  sensitive  volume  equals  the  charge  collected  across  the  junction.  A  nonlinear  dependence 
on  LET  would  mean  that  the  dimensions  of  the  sensitive  volume  depend  on  the  LET  of  the  incident  particle. 

The  charge  collection  by  junctions  which  have  microscopic  dimensions  is  further  complicated  by  the  phe¬ 
nomena  illustrated  in  Fig.  9a  which  shews  particles  hitting  the  depletion  region  of  a  junction,  hitting  the 
edge,  and  missing  the  junction  entirely.  Particles  traversing  the  central  region  of  the  junction  provide  a 
number  of  events  with  about  the  same  value  of  charge  collected.  These  events  form  the  peak  in  the  pulsw' 
height  spectrum  of  Fig.  9b  which  was  obtwed  with  a  test-structure  of  a  CMOS  drain-substrate  junction. 
The  peak  in  the  spectrum  is  clearly  observable  at  the  high-energy  end  of  the  spectrum.  Particles  traversing 
unprotected  edges  of  the  junction  experience  enhanced  charge  collection.  As  junctioiu  decrease  in  sise,  the 
events  at  the  e^  become  a  larger  fraction  of  the  spectrunL  Defects  in  the  junction  are  another  possible 
cause  of  enhanced  charge  collection.  Events  in  which  the  particle  misses  the  junction,  so  that  either  no  drift 
component  or  a  reduced  drift  component  occurs,  may  still  have  a  significant  amount  of  charge  collected  at 
the  junction  through  diffusion.  These  events  lie  on  the  low  energy  side  of  the  peak  in  Fig.  9b.  A  small 
nun^  of  enhanced  charge  collection  events  on  the  high-energy  side  of  the  peak  are  also  visible. 


Fig.  9.  a)  Sensitive  Volume  illustrating  direct  hit,  miss  and  edge-hit  events,  b) 
Measured  puiso-height  spectrum  for  a  drain-substrate  test  structure  junc¬ 
tion  of  a  CMOS  circuit  exposed  to  4.8  MeV  alphas. 
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MEMORY  CELLS 

The  tranaiaton  that  make  up  logic  circoita  arc  compoaed  cf  p-n  junctiona  of  the  type  dcacribed  above.  GWea 
the  proper  proceaa  informatioo  the  charge  coUecting  characteriatica  of  the  SEU-aenaitive  joactiona  making 
up  the  device  may  be  aatimated  theoretically  (Abdel-Kader  et  al.,  1087).  Ehnnever,  auch  information  ia  often 
not  available  and,  if  available,  doea  not  ti^c  lot>to-lot  variationa  into  account.  For  certain  technologiaa, 
apprcKimate  information  can  be  obtained  directly  from  the  devicca  through  pulae>height  meaaurementa 
between  the  power  line  and  ground  obtained  while  the  device  ia  being  expoaed  to  monoenergetk  charged 
particles.  This  is  illustrated  below  for  a  16K  reBiator>load  NMOS  (RMOS)  memory  exposed  to  alphas  from 
an  Americium  source.  This  technology  was  chosen  to  illustrate  the  procedurea  because  their  spectra  arc 
simple  and  easy  to  interpret.  In  addition  to  being  an  important  technology  in  its  own  right,  RMOS  is 
important  because  its  SEU*aensitive  structure,  the  drain-substrate  junction,  is  similar  in  coiutruction  to 
the  SEU-eensitive  drain-substrate  junction  in  CMOS.  CMOS  ia  an  easoitial  component  of  most  spacecraft 
systems  because  of  its  low  power  requirements.  The  memory  latch  for  an  RMOS  SRAM  used  in  space  is 
typically  the  resistor-load  four  transistor  cell  of  the  type  shown  in  Fig.  10a. 

Figure  10b  shows  one  of  the  RMOS  FETs  in  cross  section.  The  SEU-eensitive  junctions  in  each  memory 
cell  of  the  RMOS  SRAM  ia  the  drain-substrate  jtinction  whkh  is  reverse  biased  because  the  corresponding 
FET  ia  turned  off.  In  normal  operation,  there  is  only  one  reverse-biased  drain-substrate  junction  in  each 
memory  latch  with  the  SEU  sensitivity  alternating  between  junctions  as  the  memory  states  switch.  If  the 
device  ia  not  under  bias,  all  the  junctiona  become  reverse-biased  to  the  extent  of  the  built-in  biases  across 
the  junctions.  Moreover,  particle  strikes  across  the  junctions  connected  between  VDD  and  VSS  result  in 
transient  voltage  swings  between  those  lines,  even  in  the  abeence  of  external  bias.  If  the  VDD  and  VSS 
pins  of  an  RMOS  SRAM  are  connected  to  the  same  electronics  as  used  for  detectors,  as  illustrated  in  Fig. 
11a,  the  SRAM  should  behave  like  a  parallel  array  of  partially  depleted  particle  detectors  with  the  detectm 
junctiona  being  the  potentially  SEU-sensitive  drain-substrate  junctions  (McNulty,  1980,  McNulty  et  al., 
1991). 


Fig.  10.  a)  Schematic  of  a  resistor-load  NMOS  memory  cell,  b)  Cross  section  of 
one  of  the  invertors. 


Dimcnst'ons  of  the  Senntiw  Volume 

The  pulse-height  spectrum  obtained  when  the  memory  cells  of  an  RMOS  SRAM  are  exposed  to  4.8  MeV 
alphas  is  shown  in  Fig.  11b.  The  spectrum  consuls  of  events  at  32,768  similar  junctions,  each  junction 
having  dimeiuions  of  roughly  10  pm  on  a  side.  The  cross  sectional  area  of  the  individual  junctions  can  be 
estimated  from  the  following  expression: 

Area  =  Events/ (Fluence  x  Number  of  Junctions) 

The  results  are  consistent  with  each  junction  having  an  area  of  about  137  pm’  in  area.  This  value  is 
represented  by  a  horizontal  line  on  the  plot  of  SEU  cross  section  versus  effective  LET  in  Fig.  12.  The  value 
of  the  area  of  the  junction  estimated  above  agrees  with  the  value  of  160  pm’  obtained  from  the  plateau 
value  of  the  SEU  cross  section  (Koga  et  al.,  1988)  within  the  limits  imposed  by  the  uncertmnty  in  the 
fluence. 
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Fif.  11.  >)  Expwiinental  conflgBration  nitd  for  pnfcw  huight  analyih  on  the  powr 
liaM  of  Ute  meiDMjr  ceUt.  b)  PuImi  huight  fpoctnun  obtained  when  a 
portion  of  the  memory  celle  of  an  NMOS  SRAM  (IDT6119V)  is  expoaed 
to  4.8  MeV  alphas. 


Fig.  12.  SEU  cross  sectkm  venos  effecthre  LET  for  the  RMOS  device  IDT  6116V 
exposed  to  heavy  ions. 


The  thkhness  of  the  sensitive  volnms  can  be  estimated  from  range-energy  Ubles.  If  R(E{)  is  the  range  of 
the  particle  entering  the  sensitive  volnme  with  energy  £<  and  R(E<-Es)  » the  residual  range  of  the  particle 
after  it  deposited  energy  E^  in  traversing  the  sensitive  volnme,  the  pathlength  I  through  the  eentitive 
volume  can  be  estimated  from: 

I  s  R(Ei)  -  R(Ei-Bs) 

At  normal  incidence,  this  pathlength  should  equal  the  thkhness  of  the  sensitive  volume.  The  value  obtdned 
for  the  thickness  of  this  device  is  13.6  pm. 
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An  independent  check  on  whether  theee  proceduree  provide  oeefnl  estimatee  of  the  duneneione  of  the  eea- 
■ithre  voIuom  can  be  obtained  by  compaiinc  the  pobe-bcicht  spectruin  obtained  by  expoeinf  the  device  to 
148  MeV  protons  with  the  results  of  simulations  of  the  energy-deposition  spectrum  obtained  bom  CUPID. 
The  simulations  assume  the  dimenaioiu  of  the  sensitive  volume  obt^ed  above.  The  comparison  is  shewn  in 
Fig.  13.  The  agreement  is  quite  reasonable  considering  the  error  in  the  area  introduced  by  the  uncertainty 
in  the  fluence  of  the  alpha  source. 


Fig.  13.  Integral  cross  section  for  depositing  at  least  energy  E  versus  E.  The  hori- 
sontal  curve  marks  the  SEU  cross  section  measured  for  that  device.  The 
values  on  the  abscissa  where  it  intersects  the  theoretical  and  experimental 
spectra  which  are  marked  by  vertical  lines  represent  the  corresponding 
estimates  of  the  critical  charge. 


Determination  of  Critieal  Charge 

The  SEU  cross  section  for  the  IDT  6116V  RMOS  SRAM  waa  measured  using  148  MeV  protons.  The  value 
obtained  is  represented  in  Fig.  13  b7  *  horisontal  line.  The  values  of  the  abecissa  corresponding  to  where 
the  SEU  cross  section  intersects  the  two  curves  represent  the  values  of  the  energy  deposited  for  which  the 
cross  section  for  depositing  at  least  that  energy  equals  the  measured  SEU  cross  section.  Therefore,  these 
values  are  estimates  of  the  threshold  energy  deposition  (or  critical  charge)  for  that  device.  The  threshold 
LET  for  this  device  has  been  determined  experimentally  (Koga  et  al.,  1088)  following  the  standard  proce¬ 
dures  using  heavy  ions.  The  value  obtained  was  6  MeV  em’/mg.  The  energy  deposited  by  such  an  ion  in 
a  pathlength  of  13.6  pm  of  silicon,  the  thickness  of  the  sensitive  volume,  is  18.0  MeV.  The  estimates  from 
the  intersection  of  the  measured  SEU  cross  section  and  the  CUPID  and  measured  curves  in  Fig.  13  arc 
17.6  MeV  and  18.1  MeV.  The  agreement  among  the  three  estimates  is  within  10%. 

SUMMARY  AND  CONCLUSIONS 

The  algorithms  currently  in  use  for  predicting  SEU  rates  in  space  require  as  input  the  dimensions  of  the 
equivalent  sensitive  volume  for  each  SEU-sensitive  junction  on  the  device  as  well  as  the  value  of  the  energy 
which  must  be  deposited  in  that  volume  in  order  to  upset  the  circuit  element.  This  latter  value  is  knosm 
as  the  threshold  energy  deposition  or  critical  charge.  Non-destructive  procedures  for  using  exposures  to 
monoenergetic  ions  to  estimate  the  dimenuons  ti  the  sensitive  volume  were  demonstrated  for  the  IDT 
6116V,  an  RMOS  SRAM,  using  4.8  MeV  alphas  from  a  lightly  shielded  Americium  source.  The  value  of 
the  cross  sectional  area  obtained  for  the  sensitive  volume  was  consistent  with  measurements  of  the  plateau 
SEU  cross  section  for  that  technology. 

A  simple  procedure  for  estimating  the  critic^  charge  from  a  single  SEU  measurement  with  energetic  pro¬ 
tons  combined  with  either  measurements  or  theoretical  simulationa  of  the  energy-deposition  spectra  in  the 
sensitive  volume  was  demonstrated  for  the  same  device.  The  valuee  of  the  critical  charge  obtained  from 
the  proton  SEU  cross  section  agreed  within  10%  with  the  value  estimated  from  published  heavy  km  mea¬ 
surements  for  the  same  technology. 

Estimates  of  the  critical  charge  and  the  dimenrions  ei  the  sensitive  volume  obtidned  using  the  procedures 
described  in  this  paper  produce  agreement  between  SEU  measurements  on  protons  and  heavy  ions. 
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Abetreet 

Irradiation  of  MOS  SRAMa  by  energetic  heavy  iona  reanlta 
in  pnlaea  on  the  power  linea  of  the  device.  Pnlaa-height 
analyeia  shows  a  series  of  peaks  when  the  imdiation  con¬ 
sist  of  identical  particles  incident  in  the  same  direction. 
Analysis  through  a  mkrobeam  shows  that  the  pulses  are 
generated  by  traversals  of  the  p-n  junctions  making  up 
the  transistors  oi  the  device.  Junctions  in  the  memory  ar> 
ray  were  found  to  dominate  the  spectrum  from  a  CMOS 
device  while  thoee  of  the  support  circuitry  dominate  the 
spectrum  frt>m  a  DRAM. 

INTRODUCTION 

When  MOS  SRAMs  are  irradiated  by  heavy  ions,  pulses 
appear  on  the  VDD  and  VSS  pins  of  the  device.  These 
pulses  are  the  result  ct  interactions  in  which  charge  is  gen¬ 
erated  and  collected  aeroes  the  p>n  junctions  making  up 
the  transistors  of  the  SRAM.  When  the  pulses  resulting 
from  exposure  to  a  beam  of  identical  monoenergetk  ions 
ars  analjrsed  according  to  pulse  height,  the  result  is  a  se¬ 
ries  of  peaks  in  the  spectrum,  each  peak  presumably  being 
the  result  of  traversals  of  a  different  junction  type  (1-S). 
Since  the  junctions  making  up  the  transistms  of  the  mem¬ 
ory  cells  occupy  the  major  portion  of  the  total  area  on 
the  die,  one  assumes  that  these  junctions  will  contribute 
ngnificantly  to  the  observed  spectrum,  if  not  dominate  it. 
If  one  assumes  that  each  of  the  peaks  in  the  spectrum 
corresponds  to  a  single  junction  type  and  the  number  of 
junctions  of  each  type  are  known,  then  the  dimensions  of 
the  equivalent  sensittve  volume  to  be  associated  srith  each 
of  thoee  junctions  can  be  simply  calculated.  The  area  of 
the  junctioa  is  givea  by  the  ratio  of  the  number  of  events 
under  the  peak  to  the  product  of  the  fluence  and  the  num¬ 
ber  of  junctions  of  that  type.  The  thkkness  of  the  sensitive 
volume  can  be  obtained  from  the  position  of  the  peak  in 
the  spectrum  by  using  range-energy  curves  to  determine 
the  pathlength  necessary  to  generate  the  amount  of  charge 
measured  as  being  coOeeted  at  the  junctions.  Alterna¬ 
tively,  the  thickness  can  be  obtained  from  the  slope  of  a 
^ot  of  peak  position  versus  effective  LEST  (LEST  x  seel), 
when  the  LEST  is  expressed  in  the  appropci^  units. 

The  procedure  for  determining  the  dimensions  of  the  sen- 
aHivu  vohime  described  above  is  based  on  two  assump¬ 
tions:  First,  that  the  peaks  are  due  to  hits  on  the  diffetent 
junctions  raakingup  the  transiston  in  the  memory  airay. 
Second,  that  the  pubes  from  similar  junctions  outside  Um 


array,  do  not  contribute  signiScantly  to  the  sise  or  shape 
of  the  peaks.  Thb  paper  attempts  to  addrem  the  question 
of  the  sonree  of  the  peaks  for  two  technologies,  CMOS 
SRAMs  and  NMOS  DRAMs. 

CMOS  SRAM 

Figure  la  shows  a  spectrum  obtained  by  irradiating  an 
advanced-technology  CMOS  SRAM  by  4.S  MeV  alphas 
under  conditions  in  which  the  entire  chip  b  exposed.  Two 
peaks  appear  in  the  spectrum,  figarc  lb  shouu  the  same 
ch^  e:q>osed  to  the  same  tucnce  of  alpha  particles  though 
a  coUimator  which  aUosra  only  a  small  portion  of  the  chip 
to  be  expoaed  at  one  time.  When  the  beam  b  restricted 
to  the  memory  array,  the  only  change  in  the  pulse-height 
spectrum  b  the  ^parent  splitting  of  the  hr  -  -  into 

two,  as  seen  in  Fig.  lb.  When  the  inpnt/c^  .'  -  t  -  uc- 
tures,  the  row  decoders,  and  the  sense  ampht  -r  ex¬ 
posed  in  turn,  the  same  two  peaks  are  seen  as  appear  in 
Fig.  la,  bat  there  are  far  fewer  events.  Thb  can  be  seen 
by  comparing  the  spectra  in  Figs.  Ic  through  le  with 
t^  memory  array  spectrum  of  Fig.  lb  and  the  entire- 
chip  spectrum  of  Fig.  la.  Comparbon  shows  farther  that 
all  three  peaks  are  generated  mostly  within  the  memory 
array  with  oaHj  a  smaD  coatribntkw  from  the  junctions 
making  up  the  support  circuitry.  Thb  leaves  the  question 
of  whether  the  dtf erent  peaks  correspond  to  hits  on  the 
different  junctions  makmg  up  the  memocy-eeU  transiston. 
A  series  of  exposures  were  carried  oat  at  the  NRL  heavy- 
ion  accelerator  using  the  NRL  mkrobeam  facility.  TM 
beam  passed  through  a  2.5  pm  diameter  follhnatcr  before 
striking  the  db  surface.  The  experimental  configuration 
b  shown  in  Fig.  2;  except  for  the  presence  of  the  col- 
limstor  and  the  difference  in  the  incident  partklee,  the 
measurements  were  carried  out  in  the  same  manner  as  the 
entir»<hip  exposures.  Because  the  spacing  between  the 
aperture  and  the  db  surface  was  estimated  to  be  at  least 
a  few  miBimeten,  the  diameter  of  the  beam  spot  on  the 
db  surface  should  be  approximatety  10  pm  in  diameter. 
In  any  event,  the  beam  diameter  b  smMlor  than  the  di- 
mensioas  of  the  memory  ceO  but  larger  than  the  smallest 
dimensions  of  the  junctiMS  makmg  up  the  transiston  of 
the  memory  cells.  The  beam  parriebs  were  Oxygen  nnclm 
of  about  20  MeV. 

Because  ofthe  short  range  of  20  MeV  Oxygen  in  siBcoa  and 
the  uncertainty  in  the  thkkness  of  the  SiOj  laym  which 
coven  the  db,  the  energy  of  the  inddmit  ion  arriving  at  the 


Fig.  1.  P«]M>h«ifht  •pMtmiii  mMnnd  off  tho  powtr  Db«  of  u 
advaacod'techaologx  CMOS  SRAM  wkon  oxpoMd  to  AM  MiV 
ol^Mo.  Tho  Biiabor  of  ovoato  por  choaaol  b  plotted  vonu  tho 
chatfo  eoDocted  la  tho  oroat  oi^rowod  la  oaorgjr  aalto  (iMoV 
m  44  fC).  Tho  taoaco  woo  tho  oaau  for  all  oxpooano  aad  tho 
boaa  WM  rootrietod  to  tho  ana  of  tho  <Uo  apoellod  a)whob 
chip  ooipoood  b)BOBiofy  array  e)  baffoia  aad  boadiag  p^. 


on  f.oo  fn  CM  ai 
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Fig  1.  d)row  doeodon  aad  o)  ooan  anplilon  aad  latoraal 
baffon. 


F^  t,  EbporfaBoatal  eoaigaiatloa  for  aioarariag  tho  pabo- 
hd^t  opoetra  bona  worklag  MOS  RAMi  oxpoood  throat  tho 
adcroboam  colBrnater.  Tho  pabo-holght  opoetra  an  auasand 
acnoo  tho  pewor  aad  groaad  piao  of  tho  RAM. 


Fl(.  3.  PiilM*k«i(kt  ipeetn  obMrvtd  difftmt  leutloni  iloiig  oat  of  tko  ■«**"■-  Tkno  poaka  an  obtarrad  •  aack  pndoodaataa 
at  diffanat  locatloaa  aloag  tka  aeaa.  a)  x  s  0  b)  x  s  M  c)  a  s  fg  d)  x  s  333  a)  z  «  380. 


•v«l  of  tilt  Miuitivt  jaoctiont  cannot  be  ipecified  with  any 
hccvacy.  Nor  can  wt  bt  tort  that  tbe  oxygen  ioaa  com* 
;>lettly  travtrat  tbe  eeneitivt  vohxmte  of  tbe  all  tbe  jnne- 
ikma,  especially  tbe  one  aaeociatcd  with  tbe  well*eabetratc 
jvnctioiu.  Even  if  they  did  completely  penetrate,  tbe  ione 
would  be  cbanging  LET  too  rapidly  for  accurate  nee  of 
range^nergy  tablet.  At  a  reenlt,  the  locations  of  the  peabe 
in  the  figure  (Fig.  3)  cannot  be  relied  upon  to  cetimate 
of  tbe  tbickneaece  of  tbe  eeneitive  v<dQmee.  Nor  can  their 
relative  spacing  on  the  spectra  be  used  to  calculate  rel¬ 
ative  tbickneesee.  This  wonld  not  be  true,  of  course,  if 
higher  energy  ions  were  need,  and  tbe  NRL  mkrobeam 
k  routinely  used  at  different  accelerator  facilities.  With 
more  penetrating  particles,  the  thickaeas  of  the  sensitive 
junctions  can  be  easily  obtained.  What  is  important  here, 
and  in  what  follows,  is  that  the  microbeam  can  localise  tbe 
source  of  tbe  powerline  signals  to  within  a  single  junction. 
Two  scans  of  the  device  were  carried  out  in  the  same  direc¬ 
tion  within  different  portions  ^  tbe  memory  array.  During 
each  scan,  pulse-height  spectra  were  measured  at  locations 
4  /un  apart.  Sample  spectra  measured  at  different  loca¬ 
tions  along  one  of  these  scans  are  shown  in  Fig.  3.  Three 
separate  peaks  are  observed  in  these  spectra.  At  some  lo¬ 
cations  only  individual  peaks  are  observed,  while  at  others 
multiple  peaks  are  apparent.  Two  of  the  peaks  in  Fig.  3 
can  be  isolated  at  certain  locations  along  the  scan.  Irradi¬ 
ating  the  entire  chip,  i.e.,  removing  the  collimator  results 
in  the  same  type  of  spectrum  that  k  observed  at  locations 
where  ail  three  junctions  are  contributing  strongly. 

The  pattern  of  the  peaks  along  the  scan  can  be  seen  more 
ckarly  in  the  three  dimensional  composite  (Fig.  4)  made 
by  positioning  the  individual  pulse  height  spectra  accord¬ 
ing  to  where  they  were  generated  along  the  scan.  The  rel¬ 
ative  spacing  of  the  peaks  can  be  clearly  seen.  Obviously, 
range-energy  tables  could  be  used  to  transform  spectra  of 
thk  type  taken  with  long-range  particles  into  three  dimen¬ 
sional  reconstructions  of  the  sensitive  volumes  associated 
with  the  junctions. 

NMOS  DRAM 

The  NMOS  DRAM  was  probed  by  the  microbeam  in  two 
wsys:  First,  the  beam  was  used  to  irradiate  a  number  of 
locations  on  the  dk  while  SEU  measurements  were  carried 
out.  Thk  ensured  that  we  knew  exactly  where  we  Were 
inobing  on  the  die. 

The  spectrum  obtained  from  irradiating  the  entire  DRAM 
with  monoenergetic  Nitrogen  ions  k  shown  in  Fig.  $  to  be 
a  broad  spectrum  with  only  a  small  peak  emerging  from 
the  background.  The  results  of  probing  the  various  regions 
of  the  chip  with  the  microbeam  oxygen  ions  are  shown 
in  Fig.  6.  Here  it  k  obvious  that  the  largest  pulses  are 
generated  in  portions  of  the  support  circuitry.  Only  a 
aingk  low-energy  peak  k  generated  in  the  memory  array. 


Fig.  4.  Composite  of  pulse-height  spectra  positioued  accordlag 
to  where  each  spectrum  was  generated  along  the  scan.  The 
results  of  two  scans  am  presented.  Obviously,  the  peaks  am 
generated  at  dlffemnt  locations  within  ths  memory  celL 


Fig.  S.  Pulse-height  spectrum  obtained  by  irradiating  the 
DRAM  TX4S43S6  with  energetic  heavy  ions  whem  all  mgioas 
ot  the  die  wem  exposed. 
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SUMMARY 

Wb«B  aabiiMd  MOS  device*  ire  inradiited  by  moDoen* 
ergetic  ideatical  ions,  pobc*  ippew  oa  the  VDD  aad  VSS 
pia*  of  the  device  which  are  the  reaalt  of  iateractioBa  ia 
which  charge  i*  collected  acroea  the  p-a  jaactioaa  mak* 
iag  op  the  device.  Compariaoa  of  palee  height  spectra 
obtaiaed  with  the  eatire  chip  exposed  to  spectra  obtaiaed 
with  small  regioas  of  the  circuitry  exposed  showed  that  the 
spectra  characterisiag  CMOS  SRAMs  are  domiaated  by 
signals  from  the  memory  array.  The  spectrum  character* 
ising  a  2S6  K  DRAM  appears  to  be  domiaated  by  signals 
from  the  preipheral  circnitiy.  Charge  coDectioa  spectra 
measured  while  the  chip  is  iindiated  by  20  MeV  ioas  coa* 
fiaed  to  a  10  /tm  beams  spot  show  the  individual  peaks  of 
the  CMOS  SRAM  spectra  appearing  and  disappearing  as 
the  beam  location  spot  moves  across  the  memory  cells. 
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Fig.  6.  Pulse-height  spectra  obtained  when  the  DRAM  is  ir¬ 
radiated  through  a  3.S  laa  diameter  collimator  so  that  only 
specifle  regions  of  the  die  are  exposed,  a)  Memory  array  b) 
oa*  region  of  the  periphery  c)  a  second  region  of  the  peripheral 
circuits. 
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ABSTRACT 

Charge  ooUectiem  exhUnted  by  p-n  junctions,  which  have  at 
least  (me  small  dimmsion,  deviates  from  the  geometric 
assonq>ti<ms  commonly  used  in  SEU  testing.  The  amount  of 
charge  collected  did  not  increase  with  the  secant  oi  the  an^  of 
incidence.  The  number  of  events  under  the  peak  in  the  charge 
odlection  q)ectrum  did  not  decrease  as  the  cosine  of  the  angle 
of  incidence.  Both  the  position  of  the  peak  and  the  number  of 
events  under  the  peak  measured  at  a  given  angle  at  incioence 
dqxnded  tqxm  which  symmetry  axis  of  the  device  was  chosen 
to  be  the  axis  of  rotatioiL 

INTRODUCTION 

Standard  SEU  testing  carried  out  at  heavy  km  accelerators 
often  involves  varying  the  "effective  LET"  of  ions  ai  a  given 
energy  by  changing  the  angle  of  incidence  (1).  Effective  LET 
is  the  product  of  the  particle's  LET  and  the  secant  of  its  angle 
at  incideiice.  This  geometric  correctiim  correqxmds  to  the 
presumed  inoease  in  the  charge  collecti<m  at  the  SEU-sensitive 
junction  as  the  particle's  trajectory  within  the  sensitive  volome 
increases.  The  concqrt  (rf*  effective  LET  was  adopted  at  a  time 
when  it  could  be  assrmied  that  the  sensitive  volume  was  a  thin 
large-area  rectangular  parallelqriped.  The  iqxset  cross  sectiem 
is  also  assumed  to  decrease  with  the  cosine  of  the  angle  of 
incidence  in  the  same  wr^  that  the  area  of  the  SEU-sensitive 
junetkm  projected  onto  a  idane  perpendicular  to  the  beam 
direction  decreases.  As  a  result  of  these  assumptions,  it  is 
standard  practice  to  diqrlay  SEU  test  data  as  the  product  at  the 
measured  SEU  cross  secti(m  and  the  secant  d  the  angle  ai 
incidence  plotted  versos  the  (noduct  ai  the  LET  and  the  secant 
ai  the  an^  of  incidence  (1,2).  Kfost  SEU  tests  also  irtvolve 
rotatkms  rfeoot  only  <me  of  the  symmetry  axes  deqiite  the  fact 
that  the  SEU-sensitive  microjunctions  have  shares  whidi  are 
either  more  complicated  than  rectangular  parallelqHpeds  or  at 
least  are  not  square.  Typically,  they  have  one  dimenskm  which 
is  omaderably  shenter  t^  tte  otha. 


The  porpoK  of  this  study  was  to  measure  the  diaige  ooUectioa 
as  a  fimetion  of  the  an^  of  incidence  fiir  rotations  about  two 
mutually  perpendicular  syrrunetry  axes  in  the  plane  of  the 
device.  Ifthe  geometric  assumptions  described  above  are  valid, 
they  should  also  h(dd  for  the  duurge  odlection  events  ance  the 
sin^  event  upsets  are  initiated  by  charge  ccdlecticm  at  certain 
SEU-sensitive  micn^unctions.  Thus,  studying  diaige 
ccdlection  as  a  fimetkm  of  the  angle  at  incidenoe  provides  a 
simple  test  ai  whether  the  geometric  assumptions  apfity  to 
modem  testing.  Petersen  et  al  (3)  have  suggested  th^  fin 
modem  micrtyuractkms,  the  angular  dqrerrdenoe  of  the  SEU 
cross  section  would  decrease  with  the  arij^  irrcidence  ffttter 
than  the  cosine  of  the  angle  of  incidenoe. 

Earikr  studies  (4,5)  did,  in  indicate  that  the  number  of 
evoits  under  peaks  in  the  charge  coUeetkm  qrectra 
ocnreqxmding  to  the  SEU-sensitive  junetkm  decreased  with 
increasing  angle  of  incidenoe  fester  t^  the  cosine.  However, 
those  studies  did  not  rule  out  systematic  errors  in  the  an^  (rf 
incidence  due  to  the  initial  orientation  of  the  device  or 
proUems  with  the  goniometer.  In  this  study,  the  angles  of 
incidenoe  extend  over  the  mtire  range  of  angtes  iq>  to  grazing, 
include  both  positive  and  negative  rotations,  and  indude 
rotations  about  the  two  mutually  perpendicular  symmetry  axes 
of  the  device.  All  the  measured  qrectra  showed  two  (dearly 
dutinguishable  peaks:  A  large  peak  correqxmding  to  eveals  in 
which  the  particles  traverse  a  la^  junction  vriiose  cross  section 
is  nea^  that  of  the  entire  mmnoty  cell,  and  a  smaller  peak 
(xnresponding  to  charge  collection  at  a  junction  with  a  srrudkr 
cross  seetkm,  one  that  has  asyrmnetric  lateral  dimensions 
typical  ai  drain  and  substrate  junctions  on  devices.  The 
geometric  assumptions  are  shown  to  hold  for  charge  odlection 
events  at  the  junctitm  with  the  large  area  and  not  to  hold  fisr 
charge  collectirm  events  at  the  smaller  junction. 

EXPERIMENTAL  METHODS 

The  measurements  were  carried  out  (m  a  Harris  6S04RH,  a 
OK)S  SRAM.  Figure  1  shows  a  schematic  ai  an  irtverter 
^cal  of  p-well  CMOS  devices.  In  the  drsence  ai  bias,  both 
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tnittisiors  are  off.  AU  ions  will  traverse  the  q>i-sidistntte 
junction  with  most  electitNis  going  to  VDD  through  the 
substrate.  The  heavily  doped  substrate  is  biased  at  VDD  and  is 
used  to  distribute  power  over  the  chip.  In  the  absence 
qi|died  bias,  the  gates  are  (ff  and  the  depletion  widths  across 
tte  junctkms  are  due  only  to  die  built-in  resulting  frmn  the 
dof^  prtdile  across  the  junctioa  Under  normal  bias,  it  is  the 
n-channel  drain  which  is  sensitive  to  upsets.  Removing  the 
bias  lowers  the  charge  collection  across  a  microjunction 
dxMit  20%  (1,6).  Since  the  source  is  connected  to  VSS,  events 
in  which  the  ions  traverse  the  source  will  have  some  fiaction  of 
the  electrons  go  to  VSS,  thereby,  reducing  the  size  of  the 
measured  pulse. 

The  pulse-height  spectra  were  measured  between  the  VDD  and 
VSS  pins  of  the  unbiased  device  in  a  maimer  described 
previously  (4-7).  The  polarity  was  set  for  unipolar  pulses 
ooneqw^ng  to  electrons  flowing  toward  VDD.  The  angle  of 
incidence  was  varied  by  rotations  about  two  mutually 
perpendicular  axes,  the  long  and  short  symmetry  axes  of  the 
device,  as  shown  schematically  in  Fig.  2.  The  preamplifier  and 
amplifier  circuits  used  are  the  same  as  those  used  for  pulse- 
height  measurements  with  nuclear  detectors.  The  tinM 
constants  of  the  preamplifier  should  be  chosen  such  that  the 
charge  collection  is  integrated  over  times  comparable  to  the 
switching  speeds  of  the  circuit 

Via 


Fig.  l.Cross  section  of  an  inverter  typical  of  p-well  type  CMOS 
circuits. 


Fig.  2  Schematic  of  the  erqierimental  configuration  showing 
the  rotations  about  the  axes  parallel  to  the  Itmg  and  short 
dimenskms  rtf' the  device. 

The  measurements  were  carried  out  under  vacuum  using  the 
SEU  Test  Facility  at  the  Tandem  Van  de  Giaaff  at  Brookhaven 
National  Laboratory.  At  that  facility,  rotations  can  be  carried 
out  about  the  "long"  and  "short"  axes  (rf’Fig.  2  without  lueaking 
vacuum.  The  exposures  were  to  140  MeV  Fluorine  ions.  The 
chip  padcages  were  cut  to  eiqxise  the  die  to  the  beam  at  angles 
up  to  near  grazing  for  rotations  in  the  negative  direction  about 
b^  axes  of  the  device.  The  Fluorine  ions  have  a  range  oi  over 
one  hundred  microns  at  this  energy,  an  important  consideration 
if  it  is  to  be  ensured  that  the  ion  trajectories  do  not  terminate 
within  the  sensitive  volume  at  large  angles  (rf*  incidenoe. 

RESULTS 

A  ^ical  pulse-height  spectrum  measured  on  the  Harris 
6S04RH  is  shown  in  Fig.  3.  Two  peaks  are  evident  at  this  and 
all  other  angles.  The  shape  and  position  of  both  peaks  change 
as  the  angle  of  incidence  changes,  as  can  be  seen  in  Fig.  4, 
which  shows  the  spectra  obtained  in  measurements  at  a  series 
of  angles  about  the  long  axis.  At  very  large  angles  the  peaks 
become  broader  and  less  well  defined.  At  these  large  angles,  the 
value  of  the  effective  LET  would  not  adequately  characterize 
the  distribution  of  charge  collection  events  or  be  a  reliable 
indicator  of  the  probability  of  an  upset. 


Channel 

Fig.  3.Pulse-height  spectrum  measured  off  the  power  line  of  an 
a  Harris  6S04RH  CMOS  SRAM.  The  numbn  of  events  per 
channel  is  plotted  versus  the  charge  collected  in  the  event 
expressed  in  energy  units  (IMeV  =  44  fC). 


Fig.  2.  Schematic  of  the  experimental  configuration  showing 
the  rotations  about  the  axes  parallel  to  the  long  and  short 
dimensions  of  the  device. 
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Fig.  4.  Pulse-height  qwctra  obtained  at  different  angles 
incidence  fi>r  rotations  about  the  long  axis. 

The  total  efifoctive  cross  sectional  area  of  the  sensitive  volume 
can  be  estimated  at  each  angle  of  incidence  from  the  ratio  of  the 
nuiid)er  ci  events  to  the  fluotoe,  and  the  distribution  of  the 
particle's  path  lengths  through  the  sensitive  volume  can  be 
obtained  tom  the  shape  and  position  of  the  peak  using  range 
energy  tables.  Confining  the  beam  particles  to  specific  regions 
of  the  die  using  masks  or  to  small  beam  qx)ts  using 
microbeams  has  demonstrated  that  the  peaks  observed  in 
CNK)S  correspond  to  particles  hitting  different  junctions  within 
the  memory  cells.  (8). 


Large  Peak 

In  n-well  CMOS,  the  large  peak  at  large  energy  depositions 
corresponds  to  hits  on  the  well-substrate  junctions  while  the 
smaller  peak  at  low  energy  drpositions  corresponds  to  hits  on 
the  drain-substrate  and  source-substrate  junctions.  (4).  In  p- 
well  CMOS  of  the  type  used  in  the  6S04RH,  the  large  peak  in  a 
spectra  should  correspond  to  ions  traversing  the  epi-substrate 
junction.  The  interpretation  of  the  small  peak  is  mote 
complicated,  as  will  be  discussed  below. 

Since  the  large  peak  is  generated  by  ions  traversing  a  large  area 
structure  such  as  the  epi-substrate  junction,  the  events  under 
this  peak  serve  to  chedc  and  calibrate  the  goniometer,  and  the 
measuring  system.  The  standard  geometric  assumptions  should 
hold  reasonably  well  for  this  junction,  i.e.,  the  nuinber  of  events 
under  the  peak  should  decrease  proportional  to  the  cosine  of  the 
angle  ci  incidence,  and  the  peak  position  should  increase 
proportional  to  the  secant  The  position  of  the  large  peak  is 
plotted  verrrs  the  secant  of  the  an^e  rtf'  incidence  in  Fig.  5a  for 
rotations  in  both  the  positive  and  negative  directions  about  both 
axes  of  rotation.  For  angles  of  incidence  below  73  degrees,  the 
relationship  is  one  of  proportionality,  as  expected,  and 
independent  of  the  axis  and  direction  of  rotatiotL 
Measurements  at  larger  angles  in  the  negative  direction  show 
the  position  of  the  large  peak  increasing  proportional  to  the 
secant  of  the  angle  until  teaching  the  saturation  imposed  by  the 
finite  range  of  the  incident  ions.  The  ratio  of  the  counts  under 


the  large  peak  atxl  the  fluenoe  ate  plotted  vosik  the  cosine  of 
the  angle  of  incidenoe  in  Fig.  5b.  Again,  thne  is  a 
fmpmtkmalily,  in  agreement  with  the  standard  geometric 
assul]:^)lioas. 
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Fig.  5a.  Peak  position  of  the  large  peak  versus  the  secant  of 
the  angle  of  incidenoe  for  rotations  about  two  mutually 
perpendicular  symmetry  axes  in  the  plane  of  the  chip  suitoe. 
The  plot  includes  all  measurements  below  an  an^e  of  73 
degrcK.  The  peak  position  shifts  with  the  secant  Of  the  angle 
of  incidence  for  rotations  about  both  axes.  This  data  is 
consistent  with  the  energy  deposition  increasing  with  the 
increase  of  the  path  length  through  a  parallelq)iped  with  large 
lateral  dimensions. 
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Fig.  5b.  Ratio  of  counts  under  the  large  peak  to  the  fluence 
plotted  versus  the  cosine  of  the  angle  of  incidence  for  rotaticms 
about  both  axes. 


aS04RII :  Large  Peak 


i  * 


4 


+  PoatUve :  Long  Axle 
■  Negative :  Long  Asia 

•  PoalUve:  Short  Axia 

•  Negative :  Short  Axle 


Small  Peak 

The  small  peak  correqxmds  to  events  where  the  charge 
collection  through  the  substrate  is  reduced.  The  obviotss 
candidate  is  the  source  because  electrons  collected  across  the 
source  junction  would  generate  a  pulse  with  the  opposite 
polarity  tom  the  main  signal  generated  at  the  q>i-s(dxtrate 
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Long  Axis 


Short  Axis 


.pmctioa.  Tbe  souicr  junctkm  is  rectangular  in  sluqx  with  ite 
long  diinaiskm  parallel  to  the  diMt  symmetry  axis  of  the 
device.  DiCferenoes  in  the  lateral  dimeiKions  the  small 
junctions  should  be  reflected  in  differences  in  the  variation  oi 
the  charge  collection  with  angle  (d  inddence  for  rotations  dxNit 
the  two  axes.  This  difference  is  dearly  evident  in  Fig.  6  where 
the  qrectra  measured  for  rotations  of  53  degrees  about  the  two 
axes  are  conqnred.  The  two  qxctra  were  measured  for 
different  duratirms  vdiich  were  chosen  to  generate  dxxrt  the 
same  number  of  events  under  the  small  peak.  The  large  peaks 
differ  (mly  slight^  in  position  and  sh^  between  the  two 
spectra.  Ffowever,  the  small  peaks  are  in  completely  different 
positions  and  have  different  shares.  Both  differences  result 
from  diftrenoes  in  the  dqiendence  of  the  charge  collection  on 
the  angle  d  incidence.  This  is  further  illustrated  in  Fig.  7 
which  compares  the  r^ions  in  the  spectra  about  the  small  peak 
fat  the  two  axes  of  rotation  for  angles  up  to  73  degrees. 
Measurements  were  only  continued  above  73  degrees  for 
rotations  about  the  long  axis.  The  small  peaks  differ  in  shape  as 
well  as  position.  The  srrudi  peak  divides  into  two  peaks  at 
angles  above  66  degrees  for  rotations  about  the  short  axis  but 
not  until  84  degrees  firr  rotations  about  the  long  axis.  These 
spectra  should  provide  valuable  information  about  the  geometry 
of  the  effective  sensitive  volume  once  the  apprc^riate 
tomographic  software  is  developed. 


Fig.  6.  Pulse-height  spectra  measured  at  the  same  angle  of 
incidence  for  rotations  about  the  two  mutually  perpendicular 
symmetry  axes  in  the  jdane  Of  the  die.  The  erqxrsures  were  of 
differait  duration  so  that  the  small  peaks  had  a  similar  nurrfoer 
oi  events.  The  large  peaks  appeal  to  have  nearly  the  same 
position  and  shape  v^e  the  small  peaks  have  different  shapes 
as  well  as  different  positions. 
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Fig.  7.  Comparison  of  the  regions  of  the  pulse-height  spectra 
about  tbe  small  peak  for  rotations  about  the  long  and  short 
axes.  The  angles  of  incidence  are:  a)  0, 26  and  37  degrees;  b) 
46, 53,  and  60  degrees;  c)  66,  73,  and  78  degrees;  and  d)  81, 
84,  and  87  degrees. 
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Even  without  the  sophisticated  software  which  needs  to  be 
developed  fat  tomopaphic  scans  of  the  effective  sensitive 
volume,  some  important  conclusions  can  be  drawn  relative  to 
the  (xmcept  (ff  effective  LET.  The  position  of  the  small  peak  is 
seen  in  Fig.  8a  to  increase  with  the  secant  of  the  angle  of 
incidence  for  rotations  about  the  long  axis  while  the  position  of 
the  small  peak  is  seen  to  increase  in  Fig.  8b  with  the  square  of 
the  secant  (ff  the  angle  ai  incidence  for  rotations  about  tte  short 
symmetiy  axis.  Since  the  path  length  through  a  rectangular 
parallelqriped  can  increase  by  at  most  the  secant,  a  foster 
increase  suggests  that  the  peak  position  reflects  the  conq)etition 
between  the  source-weU  junction  and  the  epi>substrate  junction, 
with  the  cdlection  at  one  junction  increasing  with  angle  of 
incidence  while  relative  collection  at  the  other  decreases. 
However,  it  is  not  clear  why  the  peak  position,  and  hence  the 
charge  collected,  should  increase  with  die  square  of  the  secant 
Perhaps  it  is  evidence  of  bipolar  amplificatioa 


Fig.  8a.Position  of  the  small  peak  versus  the  secant  of  the  angle 
of  incideiKe  for  rotations  abc^  the  long  axis. 


Fig.  8b.  Position  of  the  small  peak  versus  the  square  of  the 
secant  of  the  angle  of  incidence  for  rotations  abwt  the  long 
axis. 

If  SEUs  are  the  result  erf'  ion  traversals  of  junctions  like  the 
drain,  which  is  similar  structure  to  the  source,  one  might  ejqiect 


some  SEU  test  results  to  dqrend  on  which  axis  was  chosen  for 
rotations.  These  SEU  measurements  for  rotations  about  the  two 
axes  are  in  progress. 

Dependence  on  Algorithms 

The  estimates  of  the  cross  sectirmal  area  of  the  eflfoctive 
sensitive  volume  depend  on  the  nuttd)er  oi  events  under  the 
small  peak.  The  value  obtained  can  depend  somewhat  on  the 
algorithm  used.  In  order  to  determine  this  sensitivity,  two  quite 
different  ^roaches  were  tried.  The  first  program,  labeled  PI, 
produces  a  graphic  output  of  an  unconqrressed  pulse^ght 
q)ectrum.  It  allows  the  user  to  define  two  levels  of  the 
backgrourtd  at  the  upper  arxl  lower  margins  cf  the  peak,  as 
illustrated  in  Fig.  The  other  program,  lidreled  P2, 
compresses  the  pulse-height  q)ectrum  to  provide  sharper 
contrast  which  should  make  it  easier  to  set  the  margins.  It  also 
allows  the  user  to  define  multiple  estimates  of  badeground  as 
shown  in  Fig.  9b.  The  user  can  estimate  the  niunber  of  events 
under  the  peak  of  either  spectrum  by  integrating  between  the 
full  margins  as  illustrated  in  Fig.  9a,  or  by  taking  the  area  oi 
the  box  drawn  between  the  half-maximum  margins  shown  in 
Fig.  9b.  The  various  combinations  which  can  be  used  are  listed 
in  Table  1.  The  nunibers  are  used  to  label  a  specific  method. 
Table  1  also  serves  as  a  legend  for  the  plots  of  Figs.  10  and  11. 


Channel 


Fig.  9a.  Small-peak  region  of  an  uncompressed  pulse-height 
spectrum.  The  vertical  lines  mark  the  margins  of  the  peak 
while  the  near  horizontal  line  provides  an  estimate  the 
background  contribution  to  the  peak.  The  counts  under  the  peak 
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aie  ohtained  fay  integrtfing  between  the  margins  with  and 
withcNtf  sdMiacting  badcground. 
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Fig.  10b.  Same  as  10a  ftir  the  small  peak  and  rotatkms  aboot 
the  kmg  axis. 
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Fig.  9b.  The  same  qiectium  compressed  as  described  in  the 
text  Again,  the  badcground  contribution  is  estimated  firmn  the 
line  extencUng  between  the  margins.  The  vertical  lines 
represent  the  locations  c£  the  half-maxi  tnum  values.  Itee,  the 
counts  under  the  peak  is  estimated  fiom  twice  the  nundier 
between  the  half-maximum  margins. 

All  the  methods  yield  roughly  the  same  values  for  the  large 
peak  because  the  background  is  relatively  small  and  the  peaks 
well  defined.  This  is  illustrated  in  Fig.  10a  where  the 
importimial  relaticmship  is  independent  of  the  method  used. 
The  different  methods  do  produce  different  estimates  of  the 
cross  sectkmal  area  finm  the  small  peak  as  illustrated  in  Figs. 
10b  and  10c  firr  the  two  axes  of  rotation.  However,  all  the 
methods  show  cross  sectional  area  decreasing  with  the  cosine  of 
the  angle  for  rotations  about  the  long  axis  and  roughly  with  the 
square  the  cosine  for  rotations  about  the  short  axis. 
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Fig.  10c  Ratio  d  the  counts  under  the  small  peak  and  the 
fluence  versus  the  square  of  the  cosine  of  the  angle  of  inddenoe 
using  the  same  methods. 

The  method  employed  to  estimate  the  counts  under  the  peak  in 
what  follows  was  P2  using  the  area  of  the  box  drawn  between 
the  half-maximum  margins  with  badcgroond  subtracted,  i.e., 
method  7  of  TaUe  1.  The  ratio  d  the  nunfoer  d  counts  under 
the  peak  to  the  fhience  is  plotted  versus  the  cosine  of  the  an^ 
fin*  rotations  dxxit  the  axis  in  Fig.  11a.  The  rdatioaship 
q^jiears  to  be  linear  for  both  positive  and  n^ative  rotalioos 
indicating  that  the  Irag  dimensimi  of  the  junction  is 
perpendicular  to  the  long  axis  of  the  device.  All  the  data 
qipears  ccmsistmit  with  the  linear  rdatkmship  with  the  best-fit 
lines  intercqiting  the  mdinate  near  the  origin. 


Fig.  10a.  Ratio  d  the  counts  under  the  large  peak  and  the 
florace  versus  the  cosine  d  the  angle  of  indde^  using  the 
methods  labeled  in  TaUe  1. 


Fig.  11a.  Ratio  of  the  counts  under  the  small  peak  and  the 
fhienoe  estimated  using  method  7  versus  the  cosine  of  the  angle 
of  incidenoe  fiir  rotations  about  the  long  axis.  The  curves 
rq)tesent  best  linear  fits  with  the  data  fiir  rotations  in  the 
positive  and  negative  directimis. 


Pig.  llb.Sameas  11a  for  rotations  about  the  short  axis. 


Fig.  llc.Sameas  lib  except  the  {dot  is  versus  the  scpiare  of  the 
cosine  of  the  incident  angle. 

The  data  for  lotatHms  about  the  short  axis  is  more  ambiguous. 
As  we  saw  eariier,  the  pfopmtkmality  is  closer  to  the  square  of 
the  cosine  rather  than  to  the  cosine,  the  lelationdiip  which  is 
assumed  in  most  SEU  testing.  Ifcfwever,  when  the  ratio 
estimated  fay  method  7  is  {dotted  versus  the  cosine  of  the  angle 
of  incidence,  as  in  Fig.  11b,  there  is  good  agreement  with  a 
linear  relationship  with  a  large  intercept  fiv  all  but  the  0  d^ree 
and  73  degree  dma  points.  This  means  that  the  data  is  not 
ccmsistent  with  the  fnoportkmality  with  the  oosiiie  assumed  in 
most  testing,  but  it  is  at  least  qualitativeiy  omsisient  with  the 
gemnetiical  exidanatUms  desctfted  in  the  appendix  of  Ref.  7. 
The  data  can  be  fit  quite  simply  by  assuming  that  the  nundrer  of 
events  decrease  with  the  square  of  the  cosine  as  illnstiated  in 
Fig  11c. 

Relevance  to  SEU 

Unlike  the  situatkm  fm  n-well  CMOS,  the  small  peak  fiir  the 
6S04RH  is  the  result  of  traversals  of  the  source  rather  than  the 
SEU-sensitive  drain.  Ifawever,  the  thidmess  of  the  effective 
sensitive  volume  should  be  the  same  fiir  the  source  and  draiit  R 
can  be  estimated  fimn  the  position  of  the  small  peak  to  be  about 
4.S  micnms.  The  shape  of  the  drain  is  mme  "L"  shaped  than 
the  rectangular  source,  and  as  a  result,  the  dependence  on  the 
axis  of  rotatirm  may  be  nKHC  cmiqilicated. 


^  The  ratio  of  the  counts  vada  the  small  peak  and  the  fluenoe 
measured  at  normal  incidenoe  agrees  with  the  total  area 
occrqiied  by  then-type  source  junctkms.  Since  the  n-type  drains 
have  dimensions  with  dififerent  orimitatioos  more 
complicated  shqies,  the  measured  SEU  reqxmse  curve  dwwn 
in  Fig.  12  may  be  dififerent  if  the  rotations  are  carried  about 
dififerent  symmetry  axes.  This  may  eiqdain  dififerenoes  in  die 
shiqies  d  the  reqxmse  curves  rqiorted  tm  the  same  devices. 


1-8 


The  horizontal  line  in  Fig.  12  represents  the  area  estimated 
from  these  measurements  ci  the  source  area  which  is  thmi 
scaled  by  the  ratio  cS  the  drain  area  to  the  source  area. 


Fig.  12.The  measured  SEU  cross  section  plotted  versus  effective 
LET  for  rotations  about  the  long  axis.  The  horizontal  line 
represents  the  estimate  of  the  SEU-sensitive  drain  as  estimated 
fiom  this  study. 

CONCLUSIONS 

The  charge  collection  by  junctions  with  at  least  one  small 
dimension  was  observed  to  vary  with  angle  of  incidence  in  a 
manner  quite  different  from  the  large  junction  when  the 
rotations  were  about  the  short  symmetry  axis  of  the  Harris 
6504RH  SRAM  but  not  when  the  rotations  were  tdxMit  the  long 
axis.  Since  the  SEU-sensidve  junction  on  CMOS  devices 
typically  has  at  least  one  small  dimension,  these  results  suggest 
that  d^erent  SEU  response  curves  may  be  obtained  for 
rotations  about  the  two  mutually  perpendicular  symmetry  axes 
of  the  device. 

The  nonlinear  variation  in  peak  position  with  the  secant  of  the 
angle  of  incidence  differs  from  the  standard  assumptions  and 
may  reflect  some  as  yet  not  understood  effect  of  competition  for 
charge  between  the  source  and  well-substrate  junctions. 
However,  even  with  the  complication  of  competing  junctions, 
the  charge  collection  qrectra  can  provide  the  projection  of  the 
cross  sectional  area  for  different  angles  of  incidence  and  the 
distribution  of  path  lengths  through  the  effective  sensitive 
volume. 

These  results  suggest  that  care  must  be  taken  in  correcting 
both  the  effective  LET  and  the  SEU  cross  section  when  either 
of  the  lateral  dimensions  of  the  sensitive  volume  is  not  much 
greater  than  the  thickness.  Since  the  charge  collection  spectra 
can  be  measured  using  the  same  setup  as  is  used  to  measure  the 
SEU  cross  sections,  .the  best  ^roach  wtnild  be  to  make  both 
measurements  together.  The  appre^riate  corrections  for  the 
SEU  cross  sections  can  be  deteimined  from  the  charge 
collection  q)ectta.  The  nonlinear  dq)endence  described  above 


may  provide  a  simple  (ri^sical  explanation  for  at  least  some  of 
the  80<alled  "track  effects"  which  have  been  rqxuied. 
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ABSTRACT 

Proctdores  for  determiniag  the  SEU  pArameters  for  ad- 
vsBcod  memory  devkee  are  demonstrated  for  CMOS  and 
reaietor-loaded  NMOS  SRAMa.  The  dimensions  of  the 
sensitive  volume  are  eithtsr  obtained  from  charge  eolke- 
tion  measurements  on  test  structures  or  estimated  from 
similar  measurements  on  the  SRAMs  themselves.  Values 
of  the  critical  charge  determined  from  simple  proton  mea¬ 
surements  agree  with  the  values  obtained  for  three  SRAMs 
from  extensive  heavy-ioo  data. 

INTRODUCTION 

The  algorithms  currently  in  use  for  predicting  SEUs  re¬ 
quire,  as  input,  the  dimensions  the  equivalent  sensitive 
volume  associated  with  each  SEU-sensitive  junction  and 
the  threshold  value  of  the  charge  (critical  charge)  whkh 
must  be  generated  within  the  sensitive  volume  to  upset  the 
circiut  element  (1).  Since  the  number  of  ion  pairs  generated 
is  proportional  to  the  energy  deposited  for  most  radiations, 
the  critical  charge  can  also  be  expressed  as  a  threshold  en¬ 
ergy  whkh  most  be  deposited.  Obtaining  the  value  of  the 
critkal  charge  with  suitable  accuracy  nomally  requires 
tedious  and  expensive  irradiations  with  heavy  ions.  This 
artkle  deecribm  simple  procedures  for  estimating  the  di¬ 
mensions  of  the  sensitive  volume  with  a  minimum  of  beam 
time  and  procedures  for  estimating  the  critkal  charge  for 
a  devke  by  means  of  one,  or  at  most  two,  irradiations  by 
protons.  These  nondestructive  procedures  are  illustrated, 
first,  for  test  structures  and,  then,  for  NMOS  and  CMOS 
SRAMS. 

A  reverse-biased  junction  forms  at  the  interface  between 
n  and  p  doped  regions  of  a  silkon  crystal.  This  space- 
charge  regions  is  the  basis  for  the  operation  of  the  tran¬ 
sistors  whkh  make  up  modem  microelectronk  circuits.  It 
is  also  the  basis  for  the  particle  detection  characteristics 
whkh  lead  to  SEUs  (1,2|.  The  sensitive  volume  associated 
with  the  junction  k  a  mathematical  artifice  whose  dimen¬ 
sions  are  chosen  such  that  the  charge  generated  within 
the  sensitive  volume  equals  the  charge  actually  collected 
across  the  junction.  The  dimensions  used  in  caknlations  of 
SEU  rates  fw  SRAMs  are  often  rough  estimates.  The  di¬ 
mensions  parallel  to  the  die  surface  should  be  only  slightly 
larger  than  the  lateral  dimensions  of  the  junction,  but  such 
procesa  infonnatiDU  is  often  not  avulable.  The  thkhness 
of  the  sensitive  volume  is  difficult  to  estimate,  even  when 
the  masks  used  in  proceming  are  available,  because  the 
thkkneas  of  the  sensitive  volume  generally  does  not  cor¬ 
respond  to  that  of  any  identifiable  stmetnre.  As  a  result, 
the  thkkneas  is  usually  the  kast  known  dimension. 


MBASURXMBNTS  ON  TEST  STRUCTURES 

Recent  studies  with  test  stmetures  show  that  dimensions 
of  the  eqnivnknt  sensitive  volume  to  be  associated  with 
a  reverse-biased  junction  can  be  obtained  with  relatively 
simpk  ^ocednros  invoking  the  taking  of  puke-height 
measurements  whfle  irradiating  the  junction  with  heavy 
ions  |2,3].  Figure  1  k  a  schematk  of  the  experimental 
arrangement  used  for  puke-height  measurements.  The 
preamplifier  k  a  charge-sensitive  amplifier  with  a  time 
constant  comparabk  to  the  switching  speeds  of  modem 
SRAMs,  i.e.,  20  to  SOO  nsec.  The  polarity  of  the  signak 
accepted  by  the  amplifier  was  set  for  negative  pukes  across 
the  junction  of  interest.  The  pin  connections  for  the  test 
stmeture  measurements  were  to  the  drain  and  substrate 
sides  of  the  junction.  Figure  2  shows  the  pube^height  spec¬ 
tra  obtained  across  a  drain-substrate  junctioa  for  two  dif¬ 
ferent  values  of  the  bias  across  the  junction:  0  V  and  S 
V.  The  junction  k  reverse-biased  at  sero  bias  due  to  the 
built-in  potential  induced  by  the  abrapt  change  in  doping 
across  the  junction.  Comparison  of  the  two  spectra  shows 
that  the  peak  retains  its  shape  but  shifts  in  position  about 
20%  toward  higher  energy  depositions  as  a  result  of  the  in¬ 
crease  in  the  bias  to  5  V.  The  latter  k  a  tjrpkal  bias  across 
the  SEU-sensitive  junction  of  a  working  circuit. 


SEMICONDUCTOR 

DEVICE 


Fig'  1*  Ebcperimeatal  coafignratioa  for  measuring  pulse-height 
spectra. 

Measurements  taken  at  sero  bias  provide  useful  informa- 
tion  about  how  the  junction  collects  charge  at  full  bias. 
The  ratio  of  the  number  ot  events  making  up  the  peak  to 
the  luence  of  the  incident  partkles  should  equal  the  cross 
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MctioDd  kre«  of  (li«  tcBaitivt  vol«m«.  Tk«  vsla«  ebtuaod 
from  tli«  0  V  tpoctnim  would  bt  tbc  Mmc  m  ibut  obtuiaud 
at  8  V  ■!«€•  uvtfy  partick  •trikiof  tb«  juactioa  gcocraUa 
a  pub*  IB  tack  cim.  Tb«  value  of  tke  energy  moet  often 
depoeited  in  tbe  eenettive  volume  ie  given  by  tke  poeition 
of  tke  peak  in  Fig.  2.  Tke  ratio  of  tke  energy  depoeited 
in  MeV  to  tke  LET  of  tke  incident  partkke  in  MeV//<m 
eqnak  tke  patklengtk  of  tke  partkle’e  trajectory  tkrougk 
tke  ecneitive  volume,  aeeuming  a  conetant  LET  over  that 
distance.  U  tkat  assumption  does  not  hold,  tke  thickness 
of  tke  sensitive  volume  can  still  be  estimated  from  tke 
peak  position  using  range-energy  tables  (2|.  Tke  shift  in 
tke  peak  position  in  Fig.  2  corresponds  to  tkat  prcdktsd 
by  cakulating  tke  increase  in  the  Uridtk  of  tke  depktion 
region  with  bias.  Therefore,  measurements  at  sero  bias 
provide  a  reasonabk  estimate  tke  tkkkness  of  tke  sensi¬ 
tive  volume  at  full  bias. 
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Fig.  2.  Puke-height  spectra  obtained  acroes  a  siagk  drain- 
substrate  juactioa  at  two  different  biases:  0  V  aad  S  whik  tke 
device  was  exposed  to  4.S  MeV  alphas  from  aa  Am-241  source. 
The  test  structure  beloags  to  the  same  advanced  technology 
bulk  CMOS  as  CMOS  circuits  described  later  but  has  a  larger 
area  than  the  drains  used  in  circuits. 

Thk  shift  in  peak  position  is  relatively  small  because  there 
is  a  large  contribution  from  diffusion  ns  well  as  drift  (4). 
Using  preamplifiers  witk  time  constants  comparabk  to  tke 
switching  speeds  of  the  circuit  ensules  tkat  tke  peak  posi- 
tion  refiects  only  charge  tkat  arrives  time  to  contribute  to 
upsetting  the  devke. 

APPLICATION  TO  SRAMS 

Tke  test-structure  studies  kd  tke  recent  proposal  of  aa 
experimental  approach  for  estimating  tke  dimensions  of 
tke  equivaknt  sensitive  volume  associated  with  junctions 
in  operabk  devices  (1,2).  Unfortunately,  the  applicatioa  of 
bins  during  these  measurements  results  in  sufficient  noise 
to  lood  the  spectrum.  This  noise  is  not  observed  in  test 
structures  and  presumably  reflects  changes  in  the  electrical 
state  of  the  circuit  ekmeiits.  The  measurements  are  car¬ 
ried  out  at  sero  bins,  and  tke  results  are,  according  to  Fig. 
2,  somewhat  thmner  than  the  values  obtmned  from  test 


structures  at  full  bias.  However,  tke  values  obtained  in 
these  nondestructive  tests  provide  estimates  suitabk  for 
accurate  SEU-ratc  predictions.  Tke  procedure  invoKw 
measuring  tke  pnke-kcigkt  spectrum  between  tke  power 
aad  ground  pins  of  the  device  whik  tke  device  is  being  ir¬ 
radiated  by  a  paraUcI  beam  of  monoenergctic  ions.  The  ex- 
perimenta)  config uratioB  k  tke  same  as  tkat  shown  for  test 
structures  in  Fig.  1  except  tkat  the  measurements  arc  now 
made  between  tke  power  pins  of  the  device.  Puke-keight 
spectra  obtained  with  MOS  SRAMs  typically  exhibit  one 
or  more  peaks  corresponding  to  ions  traversing  different 
p-n  junctions  connected  to  the  power  fine  |3].  The  sisc 
of  the  peaks  relect  the  total  area  occupied  by  tkat  type 
of  juactioB.  Tke  tallest  peaks  should  correspond  to  those 
junctions  which  occupy  the  greatest  area  on  the  die,  i.c., 
those  which  make  up  tke  transktoiu  of  tke  memory  celk. 
Thk  results  in  a  form  of  charge  collection  spectroscopy 
where  tke  different  peaks  in  tke  spectrum  correspond  to 
traversal  of  different  junctions  typ>es.  Tke  junction  type 
associated  with  each  peak  can  be  identified  by  analysk 
aad  comparison  with  data  obtained  on  appropriate  test 
structures. 

As  erith  the  peak  obtained  with  the  test  structure,  the 
ratio  of  the  nnmber  of  particles  under  a  peak  to  the  flu- 
ence  should  equal  the  product  of  the  junction  area  and 
the  number  of  junctions  of  that  type.  The  position  of  each 
of  the  peaks  reflects  the  pathkngth  through  the  equiva¬ 
lent  sensitive  volume  for  the  corresponding  junction.  The 
value  of  the  thickness  can  be  obtained  either  using  range- 
energy  tables  on  a  sbgle  measurement  at  normal  incidence 
or  from  the  slope  of  a  plot  of  peak  position  versus  LET  [ij. 


VSS  OUTPUT 


Fig.  3.  a)  Moaoty  ekment  on  an  RMOS  device  and  b)  a  cross 
sectioBal  vkw  of  one  of  the  transktors. 


Single  Event  Cbarecteriietlon  of  an  RMOS  SRAM 

Tke  ujnpket  spectre  obteiecd  with  memory  devkee  heve 
bee*  obeerved  with  reeietor>loed  NMOS  (RMOS)  SRAMe 
which  exhibit  ooly  e  eiagle  lerge  peeh  in  their  charge  col¬ 
lection  spectre.  The  typical  memory  letch  of  an  RMOS 
SRAM  is  the  foor  transistor  cell  shown  in  Fig.  3a.  One  of 
its  transistors  is  shown  in  cross  section  in  Fig.  3b.  Some 
bat  not  all  RMOS  transktors  have  a  well,  as  k  shown 
in  Fig.  3b.  The  pabe-height  spectra  m  obtained  with  an 
RMOS  SRAM,  the  IDTOllbV,  k  shown  in  Fig.  4.  The 
spectmm  contains  a  single  peak  suggesting  either  the  ab¬ 
sence  of  a  well  or  that  hits  on  the  weU  are  in  separable 
bom  hits  on  the  drain.  The  area  caknlated  bom  the  peah 
in  Fig.  4  was  previoosly  shown  to  agree  with  the  experi¬ 
mentally  measured  SEU  cross  section  for  that  device  (l,2| 
shouring  that  the  obeoved  peak  provides  the  correct  area 
of  the  sensitive  volnme.  It  dionld  be  noted  that  the  mem¬ 
ory  cirenits  are  generally  produced  using  same  implants 
and  diffusion  as  some  other  circuits  on  the  die.  As  a  re¬ 
sult,  the  observed  peaks  would  contain  contribution  bom 
junctions  outside  the  memory  array.  However,  it  was  pos¬ 
sible  to  mask  the  chip  such  that  portions  of  the  die  were 
exposed,  and  it  was  found  that  the  peak  in  Fig.  4  was 
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Fig.  4.  Pulse-height  spectrum  measured  between  the  power 
pins  of  an  RMOS  SRAM,  the  IDT6116V,  measured  at  sero 
bias.  The  peak  corresponds  to  charge  collection  from  the  33,768 
reverse-biased  junctions  on  the  unbiased  device. 

almost  entirely  due  to  the  memory  cell.  The  procedures 
used  for  isolating  the  memory  and  peripheral  circuitry  are 
described  in  Ref.  5.  The  thickness  was  obtained  using 
range-energy  tables.  The  dimensions  of  the  sensitive  vol¬ 
ume  were  then  used  as  input  fot  CUPID  simulations  of 
the  charge  collection  spectrum  to  be  expected  upon  expo¬ 
sure  to  148  MeV  protons.  Since  the  pulse-height  spectrum 
obtained  bom  the  RMOS  device  k  dominated  by  events 
at  a  single  junction  t)rpe,  the  proton-induced  charge  col¬ 
lection  spectra  at  that  junction  can  be  measured  directly 
and  compared  with  the  predictions  of  CUPID.  The  agree¬ 
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ment  between  theory  and  experiment  k  apparent  in  Fig.  5 
whoe  the  cross  section  for  depositing  at  least  energy  E  k 
plotted  versus  the  value  of  E.  Thk  represents  the  first  test 
of  CUPID  against  partially  depleted  silicon  mkroatme- 
tores.  Since  the  dimensions  of  RMOS  drain-substrate 
junctions  are  similar  in  design  to  the  SEU-sensitive  junc¬ 
tions  in  CMOS,  thk  agreement  k  evidence  that  CUPID 
can  be  used  successfully  to  model  charge  collection  at 
drain-substrate  junctions  in  both  CMOS  and  RMOS. 


Fig.  S.  Comparison  of  CUPID  simulations  of  proton  induced 
spallation  reactions  with  experimental  measurements  cA  the 
pnlae-height  spectmm  measured  between  the  pouwr  and  ground 
pins  of  an  IDT6116V  exposed  to  148  MeV  protons.  The  data 
bom  both  the  nperiment  and  the  simulations  are  plotted  as 
the  cross  ssetkn  for  depositing  at  least  some  energy  E  within 
a  sensitive  volume  of  the  RMOS  device  (  11.7  microns  x  11.7 
mktons  x  13.6  mkroas)  k  versus  E. 

Figure  5  also  illustrates  how  simple  measurements  of  pulse- 
height  spectra  bom  the  power  lines  oi  working  mkroelec- 
tronk  circuits  can  be  combined  with  single  SEU  measure¬ 
ments  made  with  energetk  protons,  or  simulations  of  such 
spectra,  to  determine  the  critkal  charge.  The  single  SEU 
cross  section  measurement  made  on  these  devices  exposed 
to  148  MeV  protons  k  represented  by  the  horisontal  line 
in  the  figure.  Vertkal  lines  drawn  from  the  intersections  of 
the  hwisontal  line  with  the  theoretical  and  experimental 
curves  represent  the  enresponding  estimates  of  the  critkal 
charge.  Thk  simple  procedure  provides  a  new  technique 
for  estimating  the  critkal  charge  without  expensive  and  te¬ 
dious  heavy-ion  SEU  testing.  However,  charge  collection 
measurements  are  required  to  determine  the  thkkness  of 
the  sensitive  volume.  Data,  like  that  shown  in  Fig.  8,  sug¬ 
gest  that  heavy  ions  provide  more  accurate  estimates  than 
would  alphas,  but  only  a  single  ions  species  k  needed  for 
thk  measurements.  The  critkal  charge  of  the  IDT6116V 
obtuned  with  protons  k  compared  to  that  determined  by 
Koga  et  al  [4]  bom  heavy  ion  testing  in  Table  1.  The 
agreement  k  quite  good. 


Ikblc  1. 


The  a!  charge  caa  be  determined  from  proton  irradi* 
atioi  jttly  a  single  incident  energy  becauM  the  complex 
proton  induced  apallatioo  reactions  result  in  a  wide  spread 
in  energy  depositions.  As  a  result,  a  significant  fraction  of 
the  events  will  result  in  charge  collection  above  and  below 
threshold  at  most  proton  energies.  The  measured  SEU 
cross  section  at  a  given  energy  identifies  the  fraction  of  the 
charge  collection  events  which  exceed  threshold  at  that  en¬ 
ergy  and  upset  the  device.  This,  in  turn,  determines  the 
value  of  the  threshold  or  critical  charge  when  the  device 
exposed  to  monoenergetic  heavy  ions,  the  charge  collec¬ 
tion  spectrum  is  quite  narrow,  and  for  most  values  of  LET 
all  events  are  either  above  or  below  threshold.  Therefore, 
many  heavy  ion  measurements  are  required  to  identify  the 
transition  region. 


INPUT 


Fig.  6.  Memory  element  of  a  CMOS  SRAM  and  a  cross  sec- 
tioual  view  of  one  of  the  inverters. 


ChnrncterUntkm  of  CMOS  Dcviccn 

Measurements  on  CMOS  devices  arc  carried  out  in  the 
same  way  as  for  RMOS.  The  difference  is  that  the  CMOS 
spectra  typically  exhibit  more  than  one  peah  because  of 
the  increased  number  of  junction  types  within  the  memory 
cell  |S|.  A  CMOS  inverter  which  makes  up  half  a  memory 
cell  is  shown  KhematicaUy  in  Pig.  6.  The  p-channcl  tran¬ 
sistor  is  on  with  Bcro  bias  on  the  gate  resulting  in  a  direct 
electrical  connection  between  VDD  and  the  drain-well  and 
drain-substrate  junctions.  The  well-substrate  junction  is 
directly  connected  to  VDD.  Figures  7a  through  7c  show 
the  spectra  obtained  from  CMOS  SRAMs  irradiated  with 
various  ions.  Two  and  sometimes  three  peaks  arc  present 
in  CMOS  spectra.  In  all  three  cases,  the  spectrum  ob¬ 
served  when  the  entire  chip  was  irradiated  was  the  same 
as  that  observed  when  the  beam  was  collimated  to  a  por¬ 
tion  of  the  memory  array  |5].  The  lower  energy  peaks  are 
sometimes  pronounced  in  an  alpha  spectrum  but  not  al¬ 
ways.  These  peaks  become  clearly  visible  when  the  device 
is  exposed  to  heavy  ions  incident  at  higher  values  of  LET. 
This  improvement  with  higher  LET  particles  is  evident 
when  Pigs.  7c  and  7d  are  compared.  The  poorly  defined 
low  energy  peak  in  Fig.  7c  resolves  into  two  clearly  de¬ 
fined  peaks  upon  exposure  at  the  higher  LETT.  This  split¬ 
ting  into  two  may  reflect  differences  in  the  geometry  of  the 
two  drain-substrate  junctions  in  the  memory  circuit. 

A  mkrobeam  analysis  (5|  shows  that  the  three  peaks  in 
Fig.  7d  are  generated  within  the  memory  cell  at  differ¬ 
ent  locations  separated  by  distances  which  arc  consistent 
with  their  being  generated  at  the  different  junctions  which 
make  up  the  transistors  of  the  memory  cell.  The  largest  en¬ 
ergy  peak  corresponds  to  ions  traversing  the  well-substrate 
junction.  The  lower  peaks  correspond  to  traversals  of  the 
drain-substrate  junctions,  presumably  the  SEU-sensitive 
junction.  Comparison  to  data  obtained  with  test  struc¬ 
tures  from  the  same  technology  suggests  that  the  kwer^ 
*»crgy  peak  should,  in  general,  correspond  to  the  drain- 
substrate  junction  while  the  larger  pe^  should  be  gener¬ 
ated  at  the  well-substrate  junction.  The  much  larger  area 
of  the  well  results  in  many  more  events  (largo*  peak)  and 
more  charge  collected  across  that  junction  both  from  the 
substrate  and  from  within  the  well  Again,  the  ratio  of  the 
number  of  events  under  the  peak  to  the  finance  is  the  prod¬ 
uct  of  the  the  number  of  junctions  and  the  area  of  each. 
Since  the  measurements  are  carried  out  under  no  bias,  all 
131,072  of  the  drain-substrate  junctions  are  reverse-biased 
because  of  their  built-in  potential  and  contribute  signals 
to  the  spectrum.  Only  65,536  the  junctions  in  a  work¬ 
ing  circuit  would  be  reverse  biased  and  connected  to  the 
power  line. 

Dependence  of  llrlckneH  on  LET  and  Angle  f>f  In¬ 
cidence 

Figure  8a  is  a  plot  the  position  of  each  peak  in  the  pulse- 
height  spectra  versus  the  effective  LET  (LET  x  seed)  for 
exposures  of  the  CMOS  device  of  Fig.  7a  to  Am*^*  al¬ 
phas  and  178  MeV  chlorine  ions.  The  slope  of  the  best- 
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Fi(.  7.  »)  P«lM-k«iglit  •pwtram  obt»iB«d  from  »  Harrit  CMOS  eiitaJt,  tb«  6S04RH,  axpoMd  to  ITS  MiV  CL  b)  Sptctram 
from  Tnm  laatramoota  HCSS17A,  71  MtV  cwboa.  c)  Spoctnm  obUiaod  from  u  adrancod  tocbaolofjr  CMOS  dtriM,  4 J  MaV 
alpha#,  d)  Spoctnim  from  th«  prtviou  d«vic#  axpo##d  to  ITS  MtV  cUoriat  ioBa  iacidtat  at  aa  aafk  of  30  dtfiM#  to  tha  aormal 
to  th#  dk  aatfact. 


Flf.S.  Potitioa  of  th#  p#ak  ia  th#  chargo>eo11#ctioa  •p«etram  vona#  th#  afactk#  LET  (LET  x  ##c#)  of  th#  Iacidtat  partkk.  a) 
RRS504  b)  Advmacod  CMOS  proctat. 
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it  itTMikt  Ua«  for  tk«  tvtnu  gtocrotod  »t  tack  jooctioo 
tkoald  b«  pro4«ct  of  lk«  tkickaoaa  of  Ikat  MMitivo 
YohaM  «a4  tk«  doaoity  of  Mlicoa.  Tkt  tkkkaoM  of  tko 
Manttv*  vokimo  obtaiiiod  from  tk«  slopt  for  tkt  draia- 
•abatraU  jaactioa  of  tkia  dtvict  waa  1.6  itm;  tkia  mafcaa 
tkt  ataaitivt  volumt  rtlathftly  tkia  aad  diak  akapod,  vki^ 
ia  coaaiattat  witk  tkt  data  f  ttiag  a  liatar  carvt  ap  to  aa> 
gita  of  60*.  Figart  8b  akowa  a  aimilar  plot  for  tkt  advaactd 
CMOS  proctat  of  Figa.  Tc  aad  7d.  Tbt  ptak  at  loartr  ta> 
trgy  dtpoaitioaa  aplita  iato  two  wtll  dtfintd  ptaka  aa  tkt 
aaglt  of  iacidtact  iacrtaata.  Tkia  may  rtitct  amall  dif* 
ftrtacta  ia  tkt  taro  draia  aabatratt  jaactioaa.  Tkt  carvt 
aritk  tkt  largt  alopt  waa  aatd  ia  oar  cakaUtioaa.  Tkt  val- 
ata  of  tkt  draia  alopta  yitld  tkkkataa  valata  of  8.0  aad 
S.l  $uu.  Tktat  aalata  art  comparablt  to  at  kaat  oat  of 
tkt  otktr  two  dimtnaioaa  of  tkt  ataaitivt  vohmt.  Tkty 
art  alao  coaaiattBt  aritk  tkt  obtcrvtd  fall  off  from  liatar- 
ity  apparvat  at  tkt  kigktat  angle  of  incidtnet  btcaaat  tkt 
patkkngtka  tkroagk  a  aenaitive  vohunt  witk  tkia  akapt 
woald  begin  to  deertaat  at  kigktr  anglta.  Tbt  liatar  rtla* 
tioa  bttaretn  chargt  collcctioa  aad  tfftctivt  LET  coafirma 
tkat  tkt  tkickntaa  of  tkt  ataaitivt  volnmt  ia  indtptadtat 
of  tkt  LET  of  tkt  iacidtat  particle  •  a  rtlatioaakip  wkick  ia 
iaktrent  ia  aU  tkt  ataadard  algoritkau  aatd  for  SEU-ratt 
pradictioaa  bat  baa  not  prtvioaaly  been  taatad  exptrimta* 
tally  on  ailicoa  microatractarta. 


Fig.  9.  Croaa  atetioa  tor  depoaitimg  at  Itaat  tome  energy  E 
vtraaa  E,  aa  thnalattd  for  the  HCSS17A  by  CUPID.  Tkt  kor* 
iaoatal  liat  repreatata  tkt  meatartd  SEU  croaa  atetioB.  Tkt 
iataraactioB  of  tkt  vertical  lint  witk  tkt  abteiata  marka  tkt  ta- 
timatad  critical  ckargt. 

Proton  Simulations  and  the  Critical  Charge 

Tkt  ckargt  coUectioa  aptetram  waa  predicted  by  tkt  CU« 
PID  aimalatioB  codta  for  intaractiona  of  148  MtV  protona 
ia  a  ataaitivt  volnmt  having  tkt  dimtnaioaa  wkick  were 
determined  for  tkt  Texas  laatrameats  CMOS  SRAM  of 
Fig.  7b.  Tkt  reaalta  are  plotted  ia  Fig.  9  as  aa  iategral 
aptetram,  i.c.,  a  plot  of  tkt  croaa  section  for  depoaitiag 
at  least  some  energy  E  vtraaa  E.  Tkt  SEU  cross  atetioa 
waa  measared  for  the  same  irradiatioB  aritk  tkt  faactioa* 


iag  device.  Tkt  raanlt  ia  plotted  aa  a  korisoatal  lint  ia 
Fig.  9.  A  vertical  iiat  drawn  from  wktrt  it  iatcraecta  tkt 
tkeoretkal  carvt  marka  tkt  valat  of  tkt  critical  ckargt  oa 
tkt  abteiata.  Altkoagk  tke  proton  aimalatioa  rtaaha  ia  a 
broad  ^read  of  mergy  depoaitioae,  tkt  proetdart  raealtt 
ia  aa  aaambigaoas  aatimate  of  tkt  critical  ckargt  of  tke 
device. 
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Fig.  10.  Mtatarad  SEU  croaa  atetioa  venae  tfftctivt  LET  for 
tkt  HCSS17A. 

SEU  croaa  aectiona  were  measared  on  tke  Texas  laatra* 
meata*  HCS517A  tiqiottd  to  taergetic  heavy  ioaa  at  dif* 
fereat  valata  of  effective  LET.  A  plot  of  tkt  mtatarad  SEU 
croaa  aectioa  verana  tke  effective  LET  ia  given  in  Fig.  10. 
Tkt  critical  ckargt  can  alao  be  obtained  from  the  tkreakold 
valat  of  the  LET  needed  to  aptti  tke  dtvict  by  maltiply* 
iag  tkreakold  by  tke  ioa't  pathleagtk  tkroagk  tke  aenaitive 
volama.  Uafortaaately,  tkreakold  ia  aot  aaambigaoaaly 
defined  m  plots  sack  aa  tkat  of  Fig.  10.  This  ia  btcaaat 
of  the  slow  riat  in  tke  croaa  aectioB  witk  inertaaing  LET. 
Tkia  laboratory  defiata  tkreakold  aa  the  valat  of  tke  LET 
when  tke  SEU  crom  section  rista  to  80%  of  the  valat  H 
reackea  oa  the  tariy  portion  of  the  plateaa.  Sot  Refia.  1 
aad  6  for  aa  cxplaaatioB  of  the  shape  of  tke  carve.  The 
valat  of  tke  critical  ckargt  obtained  this  wqr  ia  compared 
in  Tbble  2  witk  tke  valat  obtained  from  protoaa  nsing  tke 
proetdarea  described  above.  Tkt  agreement  ia  exceOeat. 


ThblaS. 


Heavy  loa 
LET 

(MeV  -cm’ /mg) 

Eqaivaleat  Qmt 
Spm 

MsV 

Proton 

8.1  X  8.1  X 
(M.V) 

S±0A 

8.5±1.6 

8.3  ±0.8 

Tkt  proetdarea  described  above  for  determiniag  circt^ 
parametera  were  repeated  for  the  advanced  technology 
CMOS  device.  Tke  dimeaaiona  of  the  sensitive  volnmt 
were  determined  from  tkt  pnlat  height  aptetram  of  Rga. 
7c  and  7d  by  the  above  procedares.  The  SEU  croaa  sectioB 
measared  as  a  faactioB  of  tke  effective  LET  (7]  was  aatd  to 


TI  SRAM 


•  •••  Fluorine 

•  •  •  *  Silicon 
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dtUrauM  tk«  vahM  of  Um  tkrwhold  LET  wUck,  ia  tan. 
WM  amhiiplMd  by  tko  patkkagtk  to  dtUnaiat  tkt  ctiti* 
cal  ckargo.  Tko  SEU  cnm  Mctioa  wm  mcaaand  for  14t 
kfoV  iacidoat  pratoao  aad  aaod  oa  a  CUPID  pkai  to  coti* 
BMto  tko  critical  ckarg*.  All  tkt  proctdont  ware  carried 
oat  ia  a  naaatr  to  tkoae  dtacribtd  above.  Table 

S  comparea  the  valuee  of  the  critical  ckarce  obtaiaed  with 
protoae  aad  heavy  ioaa  •  afaia,  the  afreemeat  ie  eaeeUeat. 


TkbkS. 


Heavy  lou 
LET 

(MeV  -crnVmi) 

Equlvakat  Q«ni 
S.8pm 

MeV 

Protoa  Qm«< 

».S  X  9.3  X  3.S|mii* 
(MeV) 

ISdbS 

13±8 

16^3 

There  ie  a  eifaiicaat  differeace  evideat  ia  Fif .  10  betweea 
the  SEU  croee  eectioaa  meaeorad  at  the  tame  effective  LET 
with  two  differeat  ioaa.  The  value  meaeorad  arith  ioaa 
iacideat  at  the  lower  LET  aad  higher  aagle  of  iacideace 
yield  lower  croae  eectioaa  thaa  tkoae  meaeorad  at  aormAl 
iacideace  aad  correapoadiagly  higher  LET.  The  problem 
doeea't  ^pear  to  be  with  the  correctioB  ^plkd  to  the 
abaciaaa  vidoea  to  geaerate  the  effectiva  LET.  The  oae  of 
the  effective  value  of  the  LET,  obtaiaed  by  moltiplyiag  the 
LET  by  the  aecaat  of  the  aagle  of  iacideace,  ia  coaekteat 
arith  the  liaear  lalatioaahipa  aeea  ia  Fig.  t  aad  akoold 
be  ^propriate.  The  other  aagolar  corractioa,  which  ia 
routiaely  ^^lied  to  SEU  meaaorameate  (automatically 
BNL),  correcta  for  the  tact  that  the  croaa  aoctioaal  area 
of  the  juactioB  projected  oa  a  plaae  perpeadkular  to  the 
beam  diroctioa  ahoald  dacreaae  aa  the  aagle  of  iacideace 
iacreaaea.  Siace  the  aumber  of  beam  particlea  croariag 
the  juactioB  ahoald  dacreaae  arith  the  coaiae  of  the  aa> 
gleof  iacideace,  mukiplyiag  the  meaaurad  croaa  aectioa 
by  the  aecaat  almuld  raiae  it  to  the  value  it  would  have 
had  at  Bormal  iacideace.  Thia  correctioa  worha  for  large 
area  juactioBa  like  tkoae  ia  auclear  detectora.  Thia  cocrec- 
tioB,  which  waa  applied  to  the  data  of  Fig.  10,  may  aot 
be  apprt^riate  for  maay  moden  circuita  with  their  email 
SEUoaeaaitivc  juactioas. 

The  Bumbera  of  eveata  aader  the  kw-eaogy  peak  ia  the 
pala^height  apeetn  for  the  6504RH  were  oieaaBrad  for 
the  aame  f  ueace,  bat  at  differeat  aaglaa  of  iacideace.  The 
Bumbera  are  ahowa  plotted  veraua  the  coaiae  of  the  aagle 
of  iacideace  ia  Fig.  11.  The  aumber  of  eveata  falla  off 
much  faater  with  iacreamag  aagle  thaa  the  coriae.  Thia 
haa  beea  fouad  to  be  true  for  a  aumber  of  differeat  device 
typea  teated  (S|.  It  mqr  be  due  to  the  email  juactioa  aiae, 
aJthough  a  meacuriag  artifact  which  would  affect  aU  our 
devkea  at  two  fadlitiea  haa  aot  beea  ruled  out.  Ia  either 
eveat,  SEU  mcaaaremcata  would  be  affected  the  aame  way, 
aad  the  ataadard  correctioa  would  deariy  be  wroag  for 
aay  of  the  devkea  we  teated.  The  impBcatka  ia  that  the 
ataadard  geoBMtrk  correctioa  aigaiScaatly  uadereatimatea 
the  croaa  aectioa  at  aormal  iacideace.  Thia  providea  aa 
explaBatioB  for  jumpa  ia  the  croaa  aectioa  aa  ioa  qteciaa 


are  chaaged  Uhe  that  aaea  ia  Fig.  10.  Thia  mtrhiaiim 
doea  aot  depnd  oa  differeacea  ia  track  atructure. 


Pig.  lUNumber  of  evMte  uader  the  peak  venue  the  ceeiae  of 
the  aad*  of  iacideace  for  the  Hairie  6S04RH.  The  eoUd  curve 
aeeuBMe  that  the  aunher  of  eveata  ia  ptoportfoual  to  the  coaiae 
of  the  aad*.  Thia  aaeumptioa  ia  the  haeia  for  the  geometric 
correctioa  routiaely  made  at  acceiaraton. 

SUMMARY  AND  CONCLUSIONS 
Whea  heavy  ioaa  traverae  the  reverae  biaaed  juactioaa  that 
form  the  traaeiatora  of  moden  SRAMe,  the  curreat  low- 
iag  acroaa  the  juactioa  raaulta  ia  a  pulae  which  caa  be 
aaea  oa  the  power  luea  of  the  device.  The  apectrum  ia 
eaaOy  meaauiud  uaiag  palae-keight  aaalyaer  aetupa  which 
are  aimilar  to  tkoae  Med  ia  auclear  apectroacopy.  The 
peaka  ia  the  pulae-height  apectra  obtaiaed  with  parallel 
ideatical  hwa  are  the  raaalt  of  tnveraala  of  differeat  typea 
of  ^B  juactioM.  The  aumber  of  eveata  uader  the  peak  ia 
uaed  to  eetimate  the  croaa  aectioBal  area  of  the  aoMitive 
volume  aa  aaea  from  that  aagle  of  iacideace.  The  poai- 
tioB  of  the  peak  providea  the  valM  of  the  aioot  cobubob 
pathleagth  through  the  aeMitive  volume.  The  ah^  of 
the  peak  yielda  the  pathlngth  dwtributioa.  With  a  auf- 
Sewat  BUBiber  of  BieaaureBieBta  aad  the  the  ^rpropriate 
aoftware,  adetaOed  proik  of  ah^  of  the  aeMitive  voIubm 
ia  aay  plaae  caa  be  obtaiaed.  ToBiogra^k  imagea  aimilar 
to  medical  CATacaM  ia  poaaible. 

The  vatee  of  the  critkal  charge  for  RMOS  devkea  ia  ob¬ 
taiaed  from  a  compariaoB  of  the  meaaured  protoa  SEU 
doae  aectioa  with  the  Bieaaured  pulae-height  apectrum 
with  the  device  expoeed  to  protoM  at  the  aaBM  iaddeat 
eaergy.  A  ■imifor  compariaoa  uaiag  CUPID  rimulatieM 
of  a  Bieaaured  pulae-height  apecteum  determiaaa 
the  critical  charge  for  CMOS  SRAMa. 

The  ataadard  methoda  of  geaeratiag  curvea  of  SEU  croaa 
aectioM  venM  the  effective  LET  may  have  to  be  modiSed 
ao  that  pr^r  cocrectioM  for  aagk  of  iacideace  caa  be 
made  to  the  Bieaaured  SEU  croaa  aectimu.  Charge  coDee- 
tioB  meaaaremeata  could  determiae  the  exact  correctioM 
to  uae  M  a  fuactioa  of  aagk. 
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ABSTRACT 

Charge  collection  was  measured  across  the  base- emitter 
heterojunction  to  test  certain  assumptions  the  standard 
"sensitive  volume*  models  calculating  SEU  rates.  The 
observed  dependence  of  charge  collection  on  the  LE!T  (lin* 
ear  energy  transfer)  and  the  angle  of  incidence  of  alphas 
and  20  MeV  Oxygen  ions  is  consistent  with  the  hypothesis 
that  the  charge  collected  equals  the  product  of  LE!T  and 
pathlength  through  a  sensitive  volume  of  fixed  dimensions. 
The  data  suggest  that  the  switch  from  MBE  to  MOCVD 
processing  resulted  in  an  increase  in  the  thickness  of  the 
sensitive  volume  frrom  0.11  to  0.25  microns. 

INTRODUCTION 

The  observed  insensitivity  of  bipolar  HPL  circuits  im¬ 
plemented  in  GaAs  against  SEUs  (1)  has  been  attributed 
to  the  restricted  collection  of  charge  at  the  base-emitter 
heterojunction,  the  junction  believed  to  be  the  most  vul¬ 
nerable  to  upsets.  Previous  measurements  (2)  suggested 
that  charge  collection  at  the  base  emitter  heterojunction 
increased  when  the  fabrication  process  changed  fr?om  MBE 
to  MOCVD.  Suggested  alternative  explanations  of  the  data 
included  a  nonlinear  relationship  between  charge  collection 
and  LEST  and  the  inappropriateness  of  the  sensitive  volume 
hypothesis  to  GaAs  bipolar  circuits,  as  well  as  the  possi¬ 
bility  of  experimental  error. 

The  Sensitive  Volume  (SV)  is  a  mathematical  artifice 
common  to  the  algorithms  most  used  for  SEU-rate  calcu¬ 
lations  (3-5).  The  location,  orientation,  and  dimensions  of 
the  SV  are  chosen  such  that  the  charge  generated  along 
the  segment  of  the  initial  particle’s  trajectory  which  lies 
within  the  SV  equals  the  charge  collected  across  the  junc¬ 
tion  following  the  particle’s  traversal.  If  the  charge  gen¬ 
erated  within  the  SV  exceeds  the  critical  charge  for  that 
junction,  the  element  upsets.  The  dimensions  of  the  SV 
are  assumed  to  be  the  same  for  every  particle,  indepen¬ 
dent  of  the  incident  particle’s  charge,  energy,  and  angle  of 
incidence.  This  assumption  u  the  same  as  saying  that  the 
charge  collected  across  the  junction  equals  the  convolution 
of  the  product  d  the  LET  and  the  pathlength  across  the 
SV.  This  is  why  SEU  cross  sections  are  typicaDy  plotted 
versus  the  iHoduct  ci  the  LETT  and  the  secant  of  the  angle 


of  incidence  in  determining  the  threshold  value  of  LEST  for 
inducing  upsets.  The  assumptions  of  the  SV  hypothesis 
have  never  been  tested  experimentally  in  GaAs. 

This  paper  reports  on  a  stndy  of  the  charge  collection 
measured  during  exposure  to  4.4  MeV  alphas  and  20  MeV 
Oxygen  ions.  A  veitfable  consequence  of  the  SV  hypothe¬ 
sis  for  a  large  area  junctions  like  the  HPL  base-emitto'  het- 
erojnnction  is  that  the  charge  collected  following  traversals 
by  energetic  particles  should  be  proportional  to  the  LEST 
of  the  particle  and  the  secant  of  the  angle  of  incidence  as 
long  as  the  particles  are  sufficiently  energetic  that  the  LEST  | 
remains  relatively  constant  within  the  SV. 

EXPERIMENTAL  METHODS 

The  test  structure  used  in  this  study  consisted  of  an  ar¬ 
ray  d  20  HPL  transistors  bonded  out  in  parallel  as  shown 
in  Pig.  1.  A  cross  sectional  view  of  the  HPL  transistor 
is  shown  in  Fig.  2.  The  emitters  were  all  tied  to  ground 
through  the  substrate  (See  Fig.  1),  the  collectors  were  held 
to  2  V,  and  the  bases  were  held  to  0.7  V  to  approximate 
the  SEU-sensitive  *ofi*  state  of  the  HI^L  transistor. 

A  schematic  of  the  circuit  used  for  measuring  the  pulse- 
height  spectra  across  the  base-emitter  heterojunction  is 
given  in  Fig.  3.  The  peak  amplitude  of  the  preamplifier 
output  is  proportional  to  the  charge  collected  within  the  | 
time  constant  of  the  preamplifier  circuit  which  in  this  case 
was  a  few  hundred  nanoseconds.  Since  the  recombinatkii 
time  in  GaAs  is  on  the  order  of  a  few  nanoseconds,  the 
signal  recorded  fn*  each  event  should  be  propcn-tional  to 
the  total  charge  collected  at  the  junction. 
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Fig.  (2) 


RESULTS  AND  DISCUSSION 

The  palse-height  spectrum  measured  between  the  base 
and  emitter  leads  is  shown  in  Fig.  5a  for  4.4  MeV  alphas 
incident  normal  to  the  surface.  The  abscissa  is  expressed 
in  energy  units,  the  traditional  units  for  pulse-height  anal¬ 
ysis,  but  the  values  can  be  converted  to  charge  collected  in 
pC  by  30  MeV.  Two  peaks  are  observed  in  the  spectrum. 
The  peak  labelled  (1)  is  a  tall  sharp  peak  at  low  energies 
close  to  the  noise  (The  upper  edge  of  the  noise  is  seen  just 
above  where  the  lower-level  discriminator  was  set).  This 
position  of  this  peak  is  the  same  as  that  observed  earlier 
(2)  on  a  single  transistor.  The  second,  peak  (2),  is  a  small 
peak  at  high  energies  which  was  not  seen  in  measurements 
on  an  isolated  transistor  (2)  or  in  the  spectra  obtained  with 
the  same  transistor  array  exposed  to  20  MeV  Oxygen  (See 
Fig.  6). 


Fig.  (3) 


The  exposures  were  carried  out  in  vacuum;  the  4.4  MeV 
alpha  irradiations  were  carried  out  in  our  laboratory  using 
a  1  mCi  Americium  241  source.  An  intense  source  allowed 
us  to  obtain  data  in  reasonable  mtervals  but  required  such 
a  thickness  of  radioactive  material  as  to  distort  the  spec¬ 
trum  as  can  be  seen  in  Fig.  4. 

Si  Surfoc*  Borri«r  0«<ector 


The  package  including  the  die  was  split  without  break¬ 
ing  the  bond  wires  to  facilitate  exposures  at  large  angles 
of  incidence. 
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Fit-  (5x) 


Fif.  (S.«l) 


Fi*.  («) 


The  effect  on  the  alpha  spectrum  of  changing  the  angle 
of  incidence  u  illustrated  in  Figs.  5a  through  5d  for  angles 
of  incidence  of  0",  30",  45",  and  60",  respectively.  There 


is  a  clear  shift  in  peak  (1)  towards  higher  energies  as  one 
might  expect  fm  traversals  of  a  thin  large>area  sensitive 
volume.  Peak  (2)  is  not  particularly  sensitive  to  the  an¬ 
gle  of  mcidence,  suggesting  that  it  may  result  from  some 
other  junction,  possibly  one  not  having  a  planar  structure. 
Since  the  position  of  the  kw-cnergy  peak  agrees  with  the 
earlier  isolated  transistor  and  the  position  of  the  peak  in 
the  pulse-height  spectra  changes  with  angle  of  incidence 
as  expected  for  a  large  area  junction,  we  assume  in  what 
follows  that  it  represents  signals  from  the  base-emitter  het¬ 
erojunction. 

The  positions  of  both  peaks  in  the  pulse-height  spectra 
are  plotted  versus  the  angle  of  incidence  for  exposure  to 
4.4  MeV  alphas  in  Fig.  7.  As  mentioned  above,  the  small 
high-energy  peak  falls  of  with  increasing  angles  while  the 
large  low-energy  peak  increases  with  angle  similar  to  the  se¬ 
cant  of  the  angle  of  incidence.  Testing  whether  increases  in 
pathlength  produce  the  same  change  in  charge  collection  at 
the  junction  as  equivalent  increases  in  LETT,  requires  that 
the  value  of  the  particle’s  LET  at  the  SV  be  calculated  for 
each  angle  of  incidence. 


Angle 
Fii.  IT) 


Calcuating  LET  at  the  Heterojunetlon 

Both  the  alphas  and  the  oxygen  ions  have  enough  range 
to  penetrate  to  the  heterojunction  with  considerable  resid¬ 
ual  energy  at  normal  incidence.  However,  since  that  energy 
is  quite  different  from  what  the  particles  had  entering  the 
top  of  the  material,  the  LET  values  at  the  junction  may  be 
different  from  what  they  were  at  the  surface.  Moreover,  as 
the  angle  of  incidence  is  increased,  the  pathlength  through 
the  overlying  material  is  longer  and  the  energy  with  which 
the  particle  arrives  at  the  junction  is  correspondingly  lower. 
As  a  result,  the  LET  a  particle  has  at  the  heterojunction 
must  be  calculated  for  each  amgle  of  incidence.  The  values 
obtained  depend  on  the  thickness  of  the  layers  of  material 
lying  above  the  sensitive  volume.  These  layers  include  the 
collector  as  well  as  the  metal  contacts  and  the  passivation 
layers  holding  the  interconnects.  We  assume  in  what  fol- 
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lows  that  these  overlying  layers  are  equivalent  to  a  layer  of 
GaAs  D  =  3  pm  thick.  Thbles  1  •  3  summarise  the  results 
the  calculations  outlined  below.  Thbles  1  and  2  present 
results  for  two  different  devices  exposed  to  4.4  MeV  alphas 
and  Table  3  presents  the  results  for  exposure  to  20  MeV 
Oxygen  ions. 
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to  a  straight  line.  The  fits  to  straight  lines  appear  to  be 
good.  The  alpha  data  on  two  different  devices  are  in  rela¬ 
tively  good  agreement.  All  three  curves  have  similar  slopes 
but  the  y-intercept  is  much  higher  for  the  heavy-ion  data 
set.  The  heavy  ion  data  set  and  the  low-angle  alpha  data 
were  obtained  on  the  same  device.  The  slopes  for  the  two 
data  sets  are  similar  but  the  y-intercepts  are  quite  differ¬ 
ent.  The  much  higher  y-intercept  for  the  Oxygen  data  may 
be  related  to  the  much  higher  electronic  noise  observed  on 
the  circuit  at  the  accelerator. 


Fit.  (U) 


After  the  particle  arriving  at  an  angle  $  with  respect  to 
the  normal  traverses  a  pathlength  S  where: 

S  =  D  sec0 

through  this  overlying  material,  it  arrives  at  the  hetero¬ 
junction  with  residual  range  R{,»: 

R«n  ~  Ro  *  S 

where  Ro  is  the  original  range  in  pm.  The  energy  the  par¬ 
ticle  has  at  the  heterojunction  was  obtained  bom  Ziegler’s 
Range-Energy  Tables  (8)  and  the  values  listed  as  column 
4  in  Tables  1-3.  The  value  of  the  LET  at  the  heterojunc¬ 
tion  was  then  obtained  from  Ziegler’s  Tables  and  listed  in 
column  5  in  the  tables.  According  to  these  calculations, 
there  was  very  little  change  in  LET  over  the  range  of  an¬ 
gles  studied.  Column  7  list  the  peak  position  (CC)  in  the 
measured  charge  collection  spectrum  (See  Figs.  5a  through 
5d)  for  each  angle  of  incidence. 

The  values  of  the  peak  position  are  plotted  versus  the 
values  of  the  product  LE!T  sec  0  in  Fig.  8a  for  two  differ¬ 
ent  sets  of  test  structures  (A  and  B)  exposed  to  4.4  MeV 
alphas  and  in  Fig.  8b  for  set  A  exposed  to  20  MeV  Oxy¬ 
gen.  Since  the  calculated  LET  at  the  junction  varies  only 
slightly,  with  angle  of  incidence,  the  plots  in  Fig.  8  test  the 
dependence  of  charge  collection  on  the  secant  of  the  angle 
of  incidence.  The  curves  represents  a  best  fit  of  the  points 
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Fif.  (8b) 


To  test  the  dependence  on  LE!T,  we  consider  only  the 
heavy-ion  data  and  alpha  data  taken  on  the  same  device. 
In  Fig.  9  the  positions  of  the  large  low-energy  peak  in 
the  charge  collection  spectra  are  plotted  versus  LET  for 
the  alpha  and  Oxygen  data  and  compared  to  a  "best  fit” 
strsdght  line  to  all  the  data.  This  plot  is  in  strong  agree¬ 
ment  with  the  assumption  of  proportionality  between  the 
charge  collected  and  the  value  of  LE!T  sec  of  the  incident 
particle.  However,  this  result  is  based  on  data  obtraed 
at  only  two  values  of  LET  and  should  eventuaDy  be  con- 
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firmed  with  data  over  a  wider  range  of  LET  valuee.  The 
proportionality  between  charge  collected  at  the  junction 
and  LETTmc  $  u  the  basis  for  calculating  SEU  rates  using 
the  concept  of  sensitive  volumes.  It  appears  to  hold  true 
for  bipolar  circuits  in  GaAs  but  should  also  be  tested  on 
other  technologies  including  those  implemented  in  silicon. 

Eutimatea  of  Thickness  of  Sensitive  Volume 

One  value  of  the  thickness  of  the  sensitive  volume  can  be 
obtained  from  the  slope  of  the  straight  line  in  Fig.  9.  The 
slope  of  a  plot  of  measured  peak  energy  (CC)  in  MeV  ver¬ 
sus  the  LET  in  MeV/mg/cm^  is  the  product  of  the  thick¬ 
ness  of  the  sensitive  volume  t  and  the  density  p.  Therefore, 

t  =  {l/p)SLOPE 

The  value  obtained  from  Fig.  9  is  0.25  pm. 

The  value  of  the  thickness  determined  this  way  relies  some¬ 
what  on  the  accuracy  of  our  estimates  of  the  thickness  of 
the  passivation  layers,  the  calibration  of  our  pulse-height 
measuring  system,  as  well  as  the  accuracy  of  Ziegler’s  Ta¬ 
bles.  Some  feeling  for  the  consistency,  if  not  the  reliability, 
of  this  approach  can  be  obtained  by  estimating  the  value 
of  the  thickness  from  the  individual  data  points  as  shown 
below. 

The  energy  the  particle  has  leaving  the  sensitive  volume 
is  then 

Eovt  —  Ei,»  -  CC 

The  values  obtained  for  each  angle  of  incidence  and  the 
corresponding  range  from  Ziegler’s  Tables,  Rout*  listed 
in  Columns  8  and  9  in  Tables  1  and  2.  The  path  length 
through  the  SV  is  then 

S  =  R«n  *  Rout 

Finally,  the  thickness  of  the  SV  is  given  by 

d  =  s  cos  6 

the  values  obtained  for  which  are  given  in  Column  11.  The 
thickness  estimates  obtained  this  way  are,  again,  grouped 
around  0.25  pm. 

SUMMARY  AND  CONCLUSIONS 

The  position  of  the  peak  in  the  charge-collection  pulse- 
height  spectra  measured  during  irradiation  with  4.4  MeV 
alphas  and  20  MeV  Oxygen  ions  was  found  to  vary  linearly 
with  the  secant  of  the  angle  of  incidence.  Moreover,  the 
data  appears  to  be  consistent  with  the  charge  collection  be¬ 
ing  proportional  to  the  value  of  LET  sec  6  the  particle  has 
arriving  at  the  level  of  the  SEU-sensitive  junction.  There¬ 


fore,  for  HPL  technology  at  least,  changes  of  sec#  pro¬ 
duce  roughly  the  same  change  in  the  charge  coUected  as  aa 
equivalent  change  in  LET  at  least  up  to  angles  of  70*.  This 
is  an  important  confirmation  in  light  of  current  practices  in 
determining  SEU  thresholds  where  the  angle  xA  incidence  is 
changed  more  often  than  the  LETT.  If  this  assumption  did 
not  hold  for  HI^L  technology  where  the  sensitive  volume 
is  a  thin  large  area  disk,  one  could  certainly  not  apply  it 
with  confidence  to  CMOS  where  the  sensitive  volumes  an 
typically  mon  compact.  The  implied  proportionality  of 
charge  collection  with  LEIT  provides  considerable  support 
for  the  common  assumption  in  SEU  rate  caknlations  ct  a 
sensitive  volume  with  dimensions  independent  of  the  LE!T 
of  the  incident  particle. 

A  procedun  is  described  for  determining  the  thickness  of 
the  sensitive  volume  from  charge  collection  measunments 
at  different  values  of  LEST.  The  value  obtained  for  HI^L  im¬ 
plemented  by  MOeVD  was  0.25  /im  which  is  thicker  than 
the  0.11  pm  measured  earlier  for  transistors  implemented 
by  MBE.  Both  data  sets  need  to  be  repeated  before  one 
can  conclude  that  less  than  half  the  charge  is  collected 
at  the  MBE  heterojunction  than  at  one  implemeted  with 
MOeVD.  Differences  would  presumably  be  due  to  the  very 
different  doping  level  profiles  obtained  with  the  two  tech¬ 
niques.  Since  a  thinner  sensitive  volume  results  frrom  less 
charge  collection  for  the  same  ion  traversal,  these  results 
suggest  that  MBE  may  have  a  significant  advantage  over 
MOeVD  in  SEU  hardening  if  the  critical  charge  for  upset 
remains  the  same. 
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Ahoinct— Proton-induced  upsets  am  becoming  an  important  problem  for  modem  digiul  electronics  used 
on  satellites  that  traverse  the  inner  radiation  belts.  The  mechanism  for  this  single  event  phenomenon  is 
the  proton-induced  spallation  reaction.  Computer  simulations  are  used  to  illustrate  the  kinematics  of  the 
spallation  reaction  and  the  resulting  energy  deposition  in  microvolumes  which  have  dimensions  typical 
of  the  elements  comprising  modem  devices. 


INTRODUCTION 

Protons  have  been  shown  to  be  a  leading  cause  of 
single-event  upsets  (SEU)  in  satellites  whose  orbits 
intersect  the  inner  radiation  belts  (Goka  et  at.,  1991; 
Dyer  et  al.,  1991;  Campbell,  1991).  Many  of  the 
protons  trapped  in  the  belts  by  the  earth's  magnetic 
field  have  sufficient  energy  to  penetrate  the  satellite’s 
shielding  and  arrive  at  the  electronic  components 
with  more  than  enough  energy  to  induce  SEUs.  Goka 
et  al.  (1991)  have  recently  observed  proton-induced 
single  event  latchup  (SEL)  in  space,  and  it  has  been 
observed  subsequently  in  a  variety  of  commercial 
devices  on  the  ground  (Adams  etal.,  1 992;  D.  Nichob 
and  D.  R.  Roth,  private  communication). 

The  relative  importance  of  proton-induced  SEUs 
versus  those  induced  by  cosmic  rays  depends  on  the 
satellite's  orbit  as  well  as  the  sensitivity  of  the  devices. 
This  has  been  demonstrated  by  the  SEU  and  SEL 
studies  which  flew  as  part  of  the  Microelectronics 
Package  experiment  on  the  CRRES  satellite.  The 
CRRES  satellite  flew  an  elliptical  orbit  inclined  at 
18.2°  with  a  perigee  of  348  km  and  an  apogee  of 
33,582  km.  Therefore  perigee  was  below  the  inner 
belts  and  apogee  was  above  geosynchronous  alti¬ 
tudes.  This  orbit  is  similar  to  the  transfer  orbits  used 
to  lif)  satellites  to  geosynchronous  orbits,  and  re¬ 
quires  9.87  h  for  completion.  A  number  of  digital 
electronic  components  in  the  Microelectronics 
Package  experiment  were  monitored  for  SEU  and 
SEL  events.  The  SEUs  observed  in  relatively  sensitive 
parts  during  the  short  time  in  which  the  spacecraft 
traversed  the  proton  belts  far  exceeded  the  event  rate 
in  deep  space  where  the  cosmic  rays  were  more 
plentiful,  and  the  spacecraft  spent  most  of  its  time.  In 
the  deep  space  portion  of  the  orbit,  the  cosmic  rays 
were  the  dominant  source  of  SEUs  for  all  parts. 
Preliminary  analysis  of  a  few  carefully  characterized 
devices  shows  the  relatively  high  proton  event  rates 
are  consistent  with  the  NASA  models  of  the  environ¬ 
ment  and  the  standard  models  for  calculating  upset 
rates  (McNulty  et  al,  1991c). 


Single  event  upsets 

The  experimental  configuration  used  to  measure 
single  event  upsets  (SEU)  is  shown  in  Fig.  I .  Charac¬ 
terizing  a  part  fully  in  terms  of  its  SEU  sensitivity 
requires  both  proton  and  heavy  ion  testing.  When  the 
measurements  are  made  with  energetic  protons,  no 
vacuum  b  required,  and  the  incidmit  energy  can  be 
varied  quickly  with  degraders.  This  makes  proton 
testing  much  faster  than  heavy-ion  testing  particu¬ 
larly  in  terms  of  beam  time.  Proton  SEU  testing  can, 
therefore,  be  the  least  expensive  of  the  SEU  tests 
needed  to  fully  characterize  a  part.  Moreover,  the 
results  of  proton  measurements,  properly  interpreted, 
can  be  us^  to  predict  the  heavy-ion  sensitivity  of  a 
device,  thereby  considerably  reducing  the  need  for 
heavy-ion  beam  time.  Figure  2  plots  the  measured 
SEU  cross  section  versus  incident  proton  energy  for 
two  well  known  devices  which  were  included  in  the 
Microelectronics  Package  Experiment  on  the  CRRES 
satellite.  A  third  device,  the  CMOS  6S04RH  did  not 
upset  in  our  tests  which  included  proton  energies  up 
to  800  MeV.  Figure  2  shows  that  the  three  devices 
have  completely  different  dependencies  on  incident 
proton  energy,  and  any  model  of  the  proton-induced 
SEUs  must  explain  these  differences  as  well  as  predict 
the  SEU  rates  in  space.  The  shapes  of  the  curves  in 
Fig.  2  reflect  differences  in  the  SEU  parameters  of  the 
devices  and,  consequently,  proton  measurements  can 
provide  valuable  information  regarding  the  values  of 
the  SEU  parameters  to  be  used  for  different  devices. 

This  paper  discusses  the  mechanism  for  the  most 
common  single-event  phenomena,  the  SEU.  It  dis¬ 
cusses  how  protons  can  generate  the  large  energies 
needed  to  upset  devices  through  the  spallation  reac¬ 
tion.  A  simulation  model,  the  CUPID  (Qemson 
University  Interactions  In  Devices)  code,  is  used  to 
illustrate  the  kinematics  of  the  spallation  reactions,  to 
predict  the  reaction  products,  and  to  demonstrate 
how  the  probability  of  upsetting  a  circuit  element 
depends  on  the  dimensions  of  the  sensitive  volume 
associated  with  each  element.  This  code  has  been 
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Fig.  I .  Experimental  configuration  used  to  measure  SEUs. 

tested  in  the  sense  that  it  has  successfully  predicted 
proton-induced  SEU  rates  from  heavy-ion  data 
(Bisgrove  et  at.,  1986),  and  it  has  accurately  predicted 
the  charge  collection  spectrum  in  a  SRAM  memory 
device  (McNulty,  1990;  McNulty  et  al.,  1991b). 

First  order  model  of  SEU 

Single  event  phenomena  do  not  occur  in  commer¬ 
cial  electronics  in  the  absence  of  high  LET  (linear 
energy  transfer)  particles.  This  implies  that  there  is  a 
threshold  amount  of  charge  which  must  be  generated 
locally  in  order  to  induce  an  event.  The  First  Order 
Model  (McNulty,  1990)  assumes  that  this  charge 
must  be  generated  within  the  dimensions  of  a  sensi¬ 
tive  volume  associated  with  that  SEU-sensitive  circuit 
element.  The  sensitive  volume  is  a  mathematkal 
artifice  used  to  simplify  calculations  and  does  not 
necessarily  correspond  to  a  structural  entity  on  the 
device.  The  dimensions  are  chosen  so  that  the  charge 
generated  within  the  sensitive  volume  equals  the 
charge  collected  at  the  SEU-sensitive  junction.  Typi¬ 
cally,  the  area  can  be  taken  from  the  plateau  value  of 
the  SEU  cross  section  measured  with  heavy  ions  at 
high  values  of  the  LET.  In  circuits  with  only  one 
SEU-sensitive  junction  per  cell,  this  area  typically 
agrees  with  the  lateral  dimensions  of  the  sensitive 
junction.  The  thickness  can  be  estimated  by  simple 
modeling  (McNulty  et  al.,  1991a)  if  the  details  of  the 
device  manufacture  are  known  or  using  charge 
collection  techniques  if  they  are  not  known  (McNulty 
et  al.,  1991b).  It  will  be  shown  below  that  predictions 
of  proton  SEU  cross  sections  are  consistent  with  the 
First  Order  Model  and  are  very  sensitive  to  the 
thickness  of  the  sensitive  volume. 

SPALLATION  REACTION  SIMULATIONS 

In  modeling  spallation  reactions,  the  target  nucleus 
is  viewed  as  two  non-interacting  Fermi  gases  (neu¬ 
trons  and  protons)  in  a  potential  well.  The  proton- 
induced  spallation  reaction  with  a  target  nucleus  of 
mass  number  A  is  modeled  as  occurring  in  two  stages. 
In  the  first,  the  cascade  stage,  the  incident  proton 
enters  the  nucleus,  a  sphere  of  radius  1 .3  A  fm, 
collides  with  another  nucleon  and  these  in  turn  strike 
others.  This  sets  up  a  cascade  within  the  nucleus 


which  ends  with  some  nucleons  being  ejected  from  the 
nucleus,  which  is  left  in  an  excited  state.  This  suge  is 
over  within  ^  I0~*s.  In  the  second  or  evaporation 
suge,  the  nucleus  is  modeled  as  a  Fermi  gas  of 
neutrons  and  protons  confined  in  a  potential  well 
with  some  excitation  energy.  The  exciUtion  energy  is 
shared  by  the  nucleons  in  the  well,  and  the  system  can 
be  characterized  by  a  nuclear  temperature.  Occasion¬ 
ally,  a  nucleon  near  the  edge  and  moving  in  the  right 
direction  will  have  enough  energy  to  escape  from  the 
potential  well.  The  two  suges  of  the  spallation  reac¬ 
tion  are  represented  schematically  in  Fig.  3.  Both 
sUges  are  completed  within  ^  I0~*  s,  long  before  the 
recoil  has  moved  an  appreciable  disunoe,  and  as  a 
result,  the  monnentum  of  the  recoiling  nuclear  frag¬ 
ment  has  contributions  from  both  stages.  The  deUils 
of  simulating  spallation  reactions  are  different  for 
different  Monte-Carlo  codes.  What  follows  is  based 
on  the  CUPID  (Qemson  University  Proton  Inter¬ 
actions  in  Devices)  codes  developed  in  this  laboratory 
(McNulty  et  al.,  1981). 

Cascade  stage 

In  passing  through  the  nucleus,  the  proton  nuy  or 
may  not  collide  with  another  nucleon.  Metropolis 
et  al.  (I9S8)  devised  empirical  relations  for  n-p  cross 
sections.  From  these,  an  average  cross  section  can  be 
calculated  as  <r„  =  ((i4  -  Z)o,  +  Za^\A,  where  o, 
and  (Tp  are  the  cross  sections  of  the  incident  particle 
with  the  neutrons  and  protons,  respectively.  The 
proton’s  mean  free  path  in  nuclear  matter  is  then 
A  =  \l{pa„)  where  p  is  the  density  of  nucleons  within 
the  nucleus. 

When  the  incident  proton  enters  the  nucleus,  a 
path  length  is  randomly  assigned  as  a.  In(l/p,),  where 
p,  is  a  random  number.  If  the  chosen  path  length, 
measured  from  the  point  of  impact  at  the  nuclear 
surface,  carries  the  proton  beyond  the  boundaries  of 
the  nucleus,  there  is  a  collision.  Upon  entering  the 
nucleus,  the  particle  picks  up  the  nuclear  potential  in 
addition  to  its  kinetic  energy.  The  nuclear  potential 


Fig.  2.  Measured  SEU  cross  sections  versus  incident  proton 
energy  for  the  AMD  93L422.  the  Intel  2I64A. 


Fig.  3.  Thfee  sugn  of  a  qwllation  reaction,  (a)  Tlie  caaca«lc  stage  involving  ooUisaons  betvveen  nucleons 
and  later  (b)  the  evaporation  stage  in  which  seciMtdaries  are  isotropically  emitted  and  (c)  the  recoil  of  the 

Rsidual  nuclear  fiagmenL 


is  uken  to  be  the  sum  of  the  Fermi  energy  and  the 
binding  energy.  This  potential  is  the  depth  of  the  well 
confining  the  nucleons,  and  the  target  nucleons  have 
all  energies  up  to  the  Fermi  energy  subject  to  the 
Pauli  exclusion  principle. 

The  kinematics  of  the  collision  are  handled  rda- 
tivistkally.  Neutrons  and  protons  are  treated  as 
having  equal  masses.  The  components  of  the  momen¬ 
tum  of  the  incident  particle  are  already  known. 
To  obtain  the  momentum  of  the  target  nucleon, 
the  momentum  distribution  is  assumed  to  be  a  sphere 
in  momentum  space  with  a  radius  equal  to  the 
Fermi  momentum,  Pf^(h/2»){in^Nlvy'*,  where 
K  is  the  nuclear  volume  and  Af  is  the  number  of 
neutrons  or  protons.  Three  random  numbers  within 
this  sphere  are  chosen  for  the  momentum  coordinates 
of  the  target  nucleon.  The  momenta  of  the  incident 
and  target  nucleons  are  transformed  to  the  center  of 
momentum  frame.  The  distribution  of  scattering 
angles  is  given  by: 

dir/dn -  cos*fi  +  cos’d  -F 1] 

where  A  and  fidqiend  on  the  relative  velocity  and  the 
identity  of  the  nucleons  (McNulty  et  al^  I9BI).  The 
value  of  9  is  diosen  from  this  distribution  by  random 
number  generator  and  the  momenu  of  the  scattered 
particles  calculated  and  transformed  back  to  the 
laboratory  frame.  If  either  of  these  is  less  than 
the  Fermi  momentum,  the  collision  is  forbidden 
by  the  Exclusion  Principle.  If  the  collision  is  permit¬ 
ted,  path  lengths  are  for  both  partkles  and  the 


procedure  is  repeated  for  each  until  all  nucleons  leave 
the  nucleus. 

Whenever  a  nucleon  leaves  the  nucleus,  the  nuclear 
potential  is  subtracted  from  the  nucleon’s  energy. 
When  the  energy  of  a  nudeon  falls  below  the  sum  of 
the  nuclear  potential  and  the  Coulomb  barrier  for  a 
proton,  the  cascade  stage  is  terminated  for  that 
nucleon.  Particles  with  less  than  this  cutoff  energy  will 
undergo  many  potential  collisions  before  the  Exdu- 
skm  Prindple  allows  an  emission  to  occur.  A  tran¬ 
sition  is  made  in  the  model  to  the  evaporation  stage 
where  further  particle  emission  is  handled  sutisti- 
cally. 

Evaporation  stage 

At  the  end  of  the  cascade  stage,  the  residual 
nucleus  has  an  exdtation  energy: 

I  (1) 

f-i 

where  ?*•  is  the  energy  of  the  inddent  proton,  T,  is  the 
kinetic  energy  of  cascade  particle  i,  N  is  the  number 
of  cascade  particles,  is  the  binding  energy  of  a 
nucleon  and  Th  is  the  kinetic  energy  of  the  residual 
nucleus.  The  evaporation  calculation  closely  follows 
the  modd  of  Dodrovsky  et  al.  (1959).  The  relative 
probabilities  for  neutron  and  charged  particle  emis¬ 
sion  are  given  in  equations  (2)  and  (3): 

r.  -  (2*mriAWg.«/4iiA’)exp{2(a.  A,)'  ’ 
-2C«,(£/-9,)n 

X  {2q.fi,-  (3/2-fl.fi)(2(fl.fi,)'  ’-  11}  (2) 
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\4i 

r, «  ’*,(1  +  C,J)/(a,^A')cxp{2(a,il,)'  * 

X  {2a,«,-(3/2)I2(a,/f,r-ll}  (3) 

where  m  represents  the  mass  of  the  emitted  partkle; 
r,  and  Tj  denote  the  relative  probabilities  neutron 
and  char^  particle  emission,  respectively;  the  sub* 
scripts  0  represents  the  original  nucleus,  and  n  or  j 
represents  the  residual  niKleus;  g  represents  the 
number  of  spin  states  of  the  particle;  fi 
(2.12/<'*'*-0.05)/«;  a -0.76  +  2.2><-'*;  «  is  the 
pairing  energy  for  that  isotope;  the  value  A/i  was 
used  for  a,  the  level  density  parameter;  r,  ^  I  .iA  fm 
is  the  radius  of  the  target  nucleus;  the  C,  are  constants 
chosen  to  fit  the  inverse  nuclear  cross  sections:  R  is 
the  kinematic  upper  limit  to  the  energy  available  for 
emission,  i.e.  the  excitation  energy  minus  the  separ¬ 
ation  energy,  the  pairing  energy,  and  in  the  case  of 
charge  particles,  the  energy  needed  to  overcome  the 
Coulomb  barrier.  Equation  (3)  was  calculated  for 
protons  deuterons,  tritons.  He’  and  a’s.  The  identity 
of  the  evaporated  particle  is  chosen  by  random 
number  weighted  by  the  relative  probabilities  calcu¬ 
lated  from  equations  (2)  and  (3).  The  kinetic  energy 
<  is  chosen  for  each  evaporation  emission  by  random 
number  from  the  distribution  (Dostrovsky  et  at., 
1959): 

P,(€)d€  +^/€  )]/*’} 

X  exp{2la.(/?.  -  01'^  -  2(a,(f/  -  dr.  (4) 

The  evaporation  particles  are  assumed  to  be  emitted 
isotropically  in  the  frame  of  the  nucleus.  Two  more 
random  number  choices  determine  the  angle  of  emis- 
aon. 
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Fig.  4.  Spallation  reaction  with  some  secondary  partkks 
traversing  the  sensitive  volume. 

The  excitation  energy  eventually  falls  to  a  level 
(%  10  MeV)  which  is  too  low  for  additional  particle 
emission.  Further  deexcitation  would  occur  by  y 
emission  which  is  not  considered  in  the  computer 
codes.  The  direction  and  energy  of  the  residual 
nucleus  is  found  from  momentum  conservation.  The 
ranges  of  the  cascade  particles,  the  evaporation  par¬ 
ticles,  and  the  residual  nucleus  are  found  from 
range-energy  tables. 

Energy  deposited  in  the  sensitive  volume 

In  CUPID,  two  nested  volumes  are  specified  by  the 
user,  a  large  outer  volume  and  a  small  inner  volume. 
The  latter  is  the  sensitive  volume.  The  spallation 
reaction  is  assumed  to  occur  anywhere  within  the 
outer  volume  including  inside  the  sensitive  volume. 
The  trajectories  of  the  primary  and  each  of  the 
charged  secondaries,  including  the  recoil,  are  moni¬ 
tored  to  determine  which  enter  the  sensitive  volume. 
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50  MeV  Protons 

(a)  Number  of  Protons  4. 74E9 
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100  MeV  Protons 

( b)  Number  of  Protons  4  74E9 


150  MeV  Protons 

(c)  Number  of  Protons  4. 74E9 


and  if  they  do,  where  they  exit  or  stop  within  the 
sensitive  volume.  This  is  shown  schematically  in 
Fig.  4.  The  energy  deposited  within  the  sensitive 
volume  is  then  calculated  for  each  of  the  secondaries, 
and  the  total  energy  deposited  determined.  For  sensi¬ 
tive  volumes  with  dimensions  typical  of  microelec¬ 
tronics,  90%  of  the  energy  is  deputed  by  the  nuclear 
recoil.  Therefore,  the  outer  volume  does  not  need  to 
extend  beyond  the  sensitive  volume  in  any  direction 
greater  tton  the  range  of  a  nuclear  recoil.  This 
approximation  saves  considerable  computer  time. 


RESULTS  OF  THE  SIMULATIONS 

Residual  nuclear  fragment 

Since  typically  90%  of  the  energy  deposited  in  a 
volume  element  having  dimensions  typical  of  micro¬ 
electronics  is  deposited  by  the  recoiling  residual  nu¬ 
clear  fragment,  it  is  important  to  consider  the  nature 
and  kinematics  of  thew  fragments.  Figure  S  shows 
the  isotopes  emerging  from  q>allation  reactions  be¬ 
tween  silicon  target  nuclei  and  protons  incident  at  SO, 
100  and  ISO  MeV.  The  calculations  were  carried  out 
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for  the  same  number  of  incident  protons.  The  number 
of  events  increases  sharply  with  increasing  energy 
between  SOMeV  and  100  MeV,  and  it  continues  to 
increase  to  I  SO  MeV.  The  degree  of  fragmenution 
increases  with  energy  also  with  significant  amounts  of 
'*0  being  generated  above  100  MeV. 

According  to  the  First  Order  Model.  SEUs  are 
caused  by  the  highest  energy  depositions.  The 
fluences  used  to  generate  Fig.  S(a-c)  typically  would 
generate  on  the  order  of  100  events  in  a  modem 


commercial  device.  Figure  S(d-0  are  the  recoil  spec¬ 
tra  for  the  evenu  which  resulted  in  the  200  higlwst 
energy  depositions.  There  is  surprise  agreement  be¬ 
tween  the  relative  abundances  of  the  fragments 
emerging  from  the  SEU  events  and  the  entire  set  of 
nuclear  recoils.  The  differential  energy  spectrum  of 
the  recoiling  nuclear  fragments  are  shown  for  the 
three  incident  energies  in  Fig.  6.  The  fluences  are 
much  higher  than  for  the  spectra  in  Fig-  S  in  order  to 
have  reasonable  statistics  in  the  region  of  energy 
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Fig.  S.  Relative  isotropic  abundances  of  the  tecoUing  residual  nudear  fragments  following  spallation 
reactions  between  targd  silicon  nuclei  and  protons  incident  at  (a)  SO  MeV.  (b)  100  MeV,  (c)  ISO  MeV. 
The  relative  isotopic  abundances  for  the  same  reactions  but  restricted  to  the  highest  200  or  so  events:  (d) 
SO  MeV  incident  energy  and  more  than  6  MeV  deposited;  (e)  100  aitd  9  MeV;  (0  ISO  and  1 1  MeV. 


depositions  likely  to  cause  upsets.  At  low  incident 
energies,  the  spectrum  is  very  narrow  and  restricted 
to  low  energies.  By  100  MeV,  the  energy  qxctrum  is 
much  broader,  and  some  rare  fragments  recoil  with 
more  than  half  the  incident  energy.  The  tendency  of 
the  nuclear  fragments  to  recoil  with  larger  fractions 
of  the  incident  energy  increases  up  to  at  least 
ISO  MeV. 

Energy  deposited  in  the  sensitive  volume 

The  possibility  of  an  upset  depends  on  whether  at 
least  some  critical  amount  of  energy  is  deposited 
(charge  generated)  within  the  sensi*'  jc  volume.  Obvi> 
ously,  the  amount  deposited  depends  on  the  dimen¬ 
sions  of  the  sensitive  volume  as  well  as  the  kinetic 
energy  of  the  incident  proton.  For  the  small  struc¬ 
tures  being  considered,  the  probability  of  a  spallation 
reaction  within  the  sensitive  volume  is  proportional 
to  the  voluiiK,  but  energy  can  also  te  deposited 
within  the  volume  by  charged  secondaries  from  spal¬ 
lation  reactions  initiated  outside  the  sensitive  volume. 
The  dimensions  of  the  sensitive  volume  also  deter¬ 
mine  what  fraction  of  the  energy  carried  by  the 
emerging  charged  secondaries  will  be  deputed 
within  it.  The  energy  deposited  is  a  complicated 
function  of  the  dimensions  and  the  relative  orien¬ 
tation  of  the  trajectory.  This  will  be  illustrated  by 
some  simple  calculations.  In  all  these  calculations,  the 
proton  is  assumed  to  be  incident  parallel  to  the 
thwkness  or  third  dimension  of  the  sensitive  volume. 

Figure  7  illustrates  how  the  energy  deposited  de¬ 
pends  on  the  lateral  dimensions  of  the  sensitive 


volume.  The  curves  are  plots  of  the  integral  cross 
sections,  i.e.  the  cross  section  for  depositing  at  least 
some  energy  plotted  versus  .  This  form  is  used 
because  the  First  Order  Model  assumes  that  an  upset 
occurs  whenever  more  than  some  critical  or  threshold 
amount  of  energy  is  deposited  within  the  sensitive 
volume.  If  the  threshold  energy  deposition  required 
for  an  upset  (the  critical  charge  in  energy  units)  is 
found  on  the  abscissa,  the  predicted  SEU  cross 
section  is  the  coordinate  obuined  off  the  ordinate 
axis.  Integral  cross  section  plots  are  shown  for  four 
sensitive  volumes  ail  having  the  same  thickness.  The 
spectra  are  obviously  not  exactly  parallel,  but  the 
cross  section  does  scale  at  least  roughly  with  the  cross 
sectional  area.  The  shape  of  the  cross  section  of  the 
sensitive  volume  does  not  appear  to  be  important  in 
these  calculations,  as  is  illustrated  in  Fig.  8.  The  cross 
sectional  area  and  the  thickness  are  the  same  for  all 
calculations  in  Fig.  8,  but  the  arrangements  of  the 
lateral  dimensions  ate  different.  The  data  points  all  lie 
on  one  curve  suggesting  that  the  cross  sectional  area 
is  important  but  the  shape  of  that  area  is  less  so. 

The  dependence  on  thickness  is  more  complicated. 
This  is  illustrated  in  Fig.  9  where  the  integral  spectra 
are  plotted  for  sensitive  volumes  having  tlw  same 
cross  sectional  area  but  different  values  of  the  thick¬ 
ness.  It  is  clear  that  these  curves  do  not  scale  with  the 
thickness  in  any  simple  manner.  Misukes  in  what 
value  to  use  for  the  thickness  would  obviously 
seriously  impact  SEU  rate  calculations. 

The  probability  of  an  upset  also  depends  upon  the 
orientation  of  the  incident  particle’s  trajectory.  This 
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(o)  RSCOIL  ENERGY  DISTRIBUTION 


(b)  RECOIL  ENERGY  DISTRIBUTION 


(c)  RECOIL  ENERGY  DISTRIBUTION 


Fig.  6.  Differential  energy  spectra  of  recoiling  nuclear  frag¬ 
ments  following  spallation  reactions  between  target  silicon 
nuclei  and  protons  incident  at  (a)  SO  MeV.  (b)  100  MeV,  (c) 
150  MeV. 
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Energy  Deposited  (MeV) 

Fig.  7.  Integral  cross  sections  for  depositing  energy  >£4 
versus  E^  for  four  sensitive  volumes  having  the  same 
thickness,  I  M<n.  The  beam  is  incident  parallel  to  the  third 
dimension,  the  thickness  with  a  kinetic  energy  of  I  SO  MeV. 

tions.  In  one  case,  the  protons  are  incident  parallel  to 
the  short  dimension,  and  in  the  other  case,  parallel  to 
the  long  dimension.  The  cross  sections  are  dramati¬ 
cally  different.  This  is  a  direct  result  of  the  angular 
distribution  of  the  recoiling  residual  nuclear  frag¬ 
ments.  They  have  a  tendency  at  this  energy  to  be 
oriented  in  the  forward  direction.  This  is  illustrated 
in  Fig.  1 1  which  shows  the  angular  distribution  of  the 
recoiling  fragments  for  protons  incident  at  the  same 
energy.  Fragments  recoiling  in  the  forward  direction 
deposit  more  energy  when  that  direction  is  parallel  to 
one  of  the  long  axes  of  the  sensitive  volume.  Asym¬ 
metric  sensitive  volumes  should  in  general  exhibit 
significant  differences  between  SEU  cross  sections 
measured  parallel  to  and  perpendicular  to  the  short 
dimension  of  the  sensitive  volume.  Testing  should  be 
carried  out  in  a  worst  case  situation,  i.e.  with  the 
beam  protons  incident  parallel  to  the  longest  axis  of 
the  sensitive  volume. 


can  be  seen  from  the  comparison  in  Fig.  10  of  the 
integral  cross  section  spectra  obuined  for  63  MeV 
protons  incident  in  two  mutually  perpendicular  direc- 


Fig.  8.  Integral  cross  section  for  depositing  >£4  versus  £^ 
for  four  sensitive  volumes  having  the  same  thickness  and 
cross  sectional  area  but  different  shapes.  The  protons  are 
incident  in  ISO  MeV. 
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Fig.  9.  Integral  cron  section  for  depositing  energy  for 
sensitive  volumes  with  lOO/im^  cron  sectionel  area  and 
different  thicknesses.  The  protons  are  incident  at  ISO  MeV. 
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Fig.  II.  Angular  distribution  of  the  recoiling  nuclear  frag¬ 
ments  following  proton-incuded  spallation  reactions  be¬ 
tween  148  MeV  protons  and  silicon  nuclei  at  test. 


It  is  not  practical  to  test  every  detail  of  a  simulation 
program,  but  there  is  limited  data  on  energy  depo¬ 
sition  in  thin  silicon  detectors  (McNulty  et  a/.,  IMI) 
and  in  the  sensitive  volumes  of  NMOS  SRAMs 
(McNulty  et  at.,  1991a).  The  fits  between  CUPID  and 
the  experimetal  data  were  all  quite  good.  For 
example,  the  comparison  between  the  simulated  en¬ 
ergy  deposition  cross  section  and  the  charge  collec¬ 
tion  spectrum  measured  off  the  power  lines  of  an 
NMOS  SRAM  is  shown  in  Fig.  12.  The  fits  described 
in  McNulty  et  al.  (1981, 199tb)  and  illustrated  in  Fig. 
12  give  some  confidence,  not  only  in  CUPlD's  de¬ 
scription  of  the  details  of  the  energy  deposition 
process  described  above,  but  in  the  posuNlity  of 
using  cupid  to  determine  the  SEU  parameters  from 
proton  measurements  in  the  manner  discussed  in  the 
next  section. 


Fig.  10.  Integral  cross  section  for  depositing  >£«  versus  £4 
for  protons  incident  on  the  identical  volume  at  different 
orientations.  The  beam  particles  enter  the  sensitive  volume 
parallel  to  the  third  dimension.  The  beam  particles  are 
incident  at  148  MeV  and  are  uniformly  distributed. 


PROTON  DETERMINATION  OF  SEO  PARAMETERS 

The  SEU  parameters  which  must  be  specified  when 
using  the  standard  algorithms  for  determining  the 
SEU  rates  in  ^ce  (e.g.  CREME  and  CUPID)  are 
the  dimensions  of  the  sensitive  volume  and  the  critical 
charge.  The  critical  charge  is  traditionally  given  in 
units  of  energy  deposition  with  the  conversion  being 
3.6  eV  per  electronic  electron-hole  pair  generated. 
Each  pair  is  assumed  to  result  in  one  electronic  charge 
being  collected  across  the  junction.  Simulations  show 
that  the  proton  cross  sections  are  very  sensitive  to  the 
dimensions  of  the  sensitive  volume,  particularly 
the  thickness.  The  lateral  dimensions  are  typically  the 
dimensions  of  the  SEU-sensitive  junction  which  can 
be  obtained  from  the  masks  used  to  manufacture 
the  devices  or  estimated  from  inspection  of  the 
devices  by  optical  or  electron  microscopy.  The  thick¬ 
ness  can  be  obtained  from  charge  collection  measure¬ 
ments  carried  out  with  heavy  ions  (McNulty,  1990; 
McNulty  et  al.,  1991b)  or  modeling  (McNulty  et  al.. 


Fig.  12.  Comparison  between  the  charge  collection  in  spec¬ 
trum  measur^  between  the  power  lines  of  an  NMOS 
SRAM  and  the  predictioiu  of  the  CUPID  simulation  code 
(McNulty  et  al.,  t99la). 
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Fig.  13.  SEU  cross  section  versus  incident  proton  energy.  The  experimental  data  are  from  Shimano  el  al. 

(1989)  and  Nichols  and  Price  (1982). 


1991a).  Alternatively,  both  the  thickness  of  the 
sensitive  volume  and  the  value  of  the  critical  charge 
can  be  obtained  from  SEU  measurements  carried 
out  with  protons  at  different  incident  energies 
and  angles.  This  latter  approach  is  illustrated  by 
application  to  the  93L422,  a  bipolar  RAM. 
lihe  approach  will  be  detailed  in  (McNulty  el  ai.. 
1993). 

Thickness  of  the  sensitive  volume 

The  integral  energy-deposition  spectra  were  gener¬ 
ated  for  sensitive  volumes  having  the  lateral  dimen¬ 
sions  of  the  sensitive  volume  with  different 
thicknesses.  The  results  were  similar  to  those  given 
for  100  pm^  in  Fig.  9.  The  value  of  the  measured  SEU 
cross  section  at  148  MeV  was  located  on  the  ordinate 
and  drawn  as  a  horizontal  line.  The  abscissa  values 
corresponding  to  where  the  line  intersects  each  of  the 
curves  should  be  the  value  of  the  critical  charge  in 
energy  units  for  that  value  of  the  thickness.  The  value 
of  the  critical  charge  and  the  dimensions  of  the 
sensitive  volume  are  independent  of  the  species  and 


the  energy  of  the  particle  depositing  the  energy  if,  and 
only  if,  the  dimensions  chosen  for  the  sensitive 
volume  are  correct.  The  SEU  cross  sections  generated 
by  CUPID  are  plotted  in  Fig.  13  versus  the  incident 
proton  energy  using  the  value  of  the  critical  charge 
determined  at  148  MeV  for  each  assumed  thickness. 
The  shapes  of  the  curves  have  a  strong  dependence 
on  thickness,  and  the  measured  proton  SEU  cross 
sections  for  the  93L422  fit  closer  to  the  2  /im  curve 
than  to  the  others.  This  agrees  with  the  manufac¬ 
turer’s  information  that  the  device  is  made  with 
a  2  pm  epilayer.  A  more  rigorous  comparison 
would  involve  changes  of  angle  of  incidence  as 
well  as  the  energy  of  the  incident  particle.  Obviously, 
only  a  sensitive  volume  with  a  thickness  between 
2  and  Spm  would  fit  the  measur«l  93L422  cross 
sections  showed  in  Fig.  13  with  the  same  value  of 
the  critical  charge  at  all  energies.  The  value  of 
the  critical  charge  determined  from  the  proton  data 
is  consistent  with  the  value  estimated  from  the 
heavy-ion  tests  on  this  same  part  assuming  a  similar 
thickness. 


Proton  induced  spallation  reactions 
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Device 

Critical  charge  (MeV) 

Company 

Part  number 

Heavy  ion 

Proton 

IDT 

61 16V 

2l(+4/-7) 

l»(±M 

Intel 

2I64A 

3.3  (±«) 

3.5  (±02) 

Honeywell 

HC6II6RH 

I3(±2) 

I6(±l) 

Tesas  insi. 

HC55I7A 

1.5  (±1.6) 

9.«(±0.5) 

AMD 

93L422 

l.l(±0.3) 

1  2(±0.2) 

Critical  charge 

An  independent  check  of  the  cross  sectional  area  of 
the  SEU-sensitive  junction  can  usually  be  obtained 
quickly  and  inexpensively  from  charge  collection 
measurements  with  a  calibrated  a  source  (McNulty, 
1990;  McNulty  et  al.,  1991b).  Simulations  using  the 
correct  dimensions  of  the  sensitive  volume  will  then 
yield  unambiguous  values  of  the  critical  charge.  The 
location  of  the  SELF  threshold  on  an  integrated 
energy-deposition  curve,  such  as  those  in  Figs  7-10, 
has  as  coordinates  the  measured  SELF  cross  section 
on  the  ordinate  and  the  value  of  the  critical  charge  on 
the  abscissa.  Given  the  simulated  curve  and  the 
critical  charge,  the  predicted  SELF  curve  can  be 
obtained  from  the  ordinate.  Alternatively,  given  the 
measured  SELF  cross  section,  the  prediction  for  the 
critical  charge  can  be  obtained  from  the  abscissa. 

Table  1  compares  values  of  the  critical  charge 
determined  for  five  devices  using  protons  with  the 
values  determined  using  traditional  heavy  ions.  In 
both  cases,  the  uncertainties  in  the  values  determined 
with  protons  were  comparable  or  less  than  the  uncer* 
tainties  in  the  heavy-ion  determinations. 

CONCLtJSIONS 

Proton  SELF  cross  sections  are  functions  of  the 
dimensions  of  the  sensitive  volume  and  the  value  of 
the  critical  charge.  Simulations  using  CLFPID  show 
that  predictions  of  the  dependence  of  the  proton  SELF 
cross  section  on  incident  energy  or  angle  of  incidence 
change  dramatically  with  the  assumed  value  of  the 
smallest  dimension  of  the  sensitive  volume  usually 
the  thickness.  The  thickness  appears  to  determine  the 
shape  of  the  dependence  while  the  correct  cross 
sectional  area  is  required  for  predicting  the  total 
number  of  events,  but  the  correct  shape  of  that  area 
is  not  required.  The  dependence  of  the  SELF  cross 
section  on  the  angle  of  incidence  also  depends  on  the 
relative  dimensions.  Because  of  this  sensitivity  to  the 
area,  thickness  and  angle  of  incidence,  experimental 
SELF  measurements  with  protons  can  be  used  in  con¬ 
junction  with  simulation  programs  such  as  CLFPID 
to  estimate  the  proper  dimensions  to  be  used  in 
SEU-rate  calculations.  Given  the  proper  set  of  di¬ 
mensions,  a  single  SELF  measurement  at  any  energy 
determines  the  correct  value  of  the  critical  charge  to 
be  used.  The  accuracy  of  this  value  is  limited  by  the 


accuracy  of  the  simulations  and  one  measured  cross 
section  rather  than  the  resolution  of  a  series  of  data 
points.  Hence,  proton  determination  ttf  SELF  par¬ 
ameters  should  involve  less  accelerator  beam  time 
than  comparable  determinations  with  heavy  ions. 
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ABSTRACT 

The  variation  of  SEU  ooss  section  with  incident  proton 
energy  and  angle  of  incidence  is  very  sensitive  to  the  thidmess 
of  the  sensitive  volume  and  the  critical  charge  required  for 
upset  This  p^)er  provides  a  method  to  determine  accurate 
estimates  of  thw  inqwrtant  parameters,  the  critical  diarge 
and  the  sensitive  volume  thidcneas.  usirtg  simple 
measurements  for  a  number  incident  proton  energies. 

INTRODUCTION 

Most  modem  microdectmiic  circuits  are  sensitive  to 
I»oton-induced  single  event  upsets.  The  use  of  proton 
sensitive  devices  in  spax  should  increase  with  the  trend 
toward  SEU-tolerant  designs.  However,  designing  tdmant 
drcuhs  requires  accurate  SEU-rate  predictions.  The  models 
currently  used  for  SEU-rate  {uedicti^  require  that  the  user 
specify  certain  SEU  parameters  for  the  devi^  the  dimenskms 
of  the  sensitive  volume  and  the  critical  charge.  Experience 
with  CRRES  and  other  satellites  has  shown  the  difficuify  in 
using  limited  ground  test  data  to  predict  SEU  rates  withom 
accurate  knowledge  rf  these  parameters.  The  oortunonly  used 
SEU  model  assumes  a  rectangular  paralkl-piped  sensitive 
volume,  (SV).  All  the  charge  generated  within  the  sensitive 
volume  by  an  energetic  particle  passing  through  it  is  assumed 
to  be  collected  and  contribute  to  the  probifoilify  of  an  upset 
All  charge  generated  outside  the  SV  is  not  collected.  If  the 
charge  collected  from  a  single  event  is  larger  than  a  specific 
critical  charge,  then  the  circuit  will  be  rqrset  The  three 
necessary  parameters  for  the  application  of  this  model  are  the 
area  of  the  SV,  the  thidmess  of  the  SV,  and  the  critical  charge 
required  to  upset  the  circuit. 

DIMENSIONS  OF  THE  SENSITIVE  VOLUME 

The  area  of  the  SV  is  normally  found  by  taking  the 
saturated  cross  section  from  a  plot  measured  SEU  cross 
section  vs.  LET  obtained  by  exposing  a  device  to  heavy-ions. 
An  example  rtf'  such  a  plot  is  shown  in  Fig.  1.  The  area  can 
also  be  found  by  loddng  at  a  mask  diagram  of  the  chip.  If  it 
can  be  determined  which  structure  on  the  device  is  radiation 
sensitive,  the  area  of  this  structure  can  be  determined  directly 
from  this  scaled  layout  drawing.  A  third  mdhod  for 
determining  the  SV  area  is  to  use  a  charge  collection  q)ectrum 
measured  off  the  power  lines  of  a  device.  The  charge 
collection  qwetrum  for  the  device  studied  in  this  paper  is 
shown  in  Fig.  2.  The  large  broad  peak  at  20  MeV  is  assumed 
to  correqxmd  to  the  SEU  sensitive  junctions.  The  area  is  the 
ratio  of  the  number  of  events  under  the  peak  to  the  fluence 
[1,2].  The  other  two  parameters,  the  sensitive  volume,  the 


thickness,  and  the  critical  charge,  are  interrdated  and  much 
more  difficult  to  determine. 


Figure  1.  Heavy  ion  cross  sectioo  vs. 
LET  for  Bipolar  SRAM[14] . 


Figure  2.  Charge  collection  qrectrum  fin  a  Biperiar  SRAM. 

The  SV  is  just  a  mathematical  artifice  and  thus  its 
dimensions  do  not  necessarily  coneqxmd  to  any  actual 
physical  structures  on  the  device.  This  means  thitt  exeqn  fix 
SOS  and  possibly  SOI  technology,  the  thickness  of  the 
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wnsitive  volunie  can  not  be  accurately  determined  by  just 
using  processing  and  circuit  design  informatum.  Techniques 
have  been  developed  for  obtaining  the  thickness  of  the  SV 
from  the  peak  position  uang  range<nergy  tiMes  [1,2],  but 
signals  from  a  bipolar  SRAM  may  be  amplified  by  tte  bipolar 
transistors. 

At  first  glance,  it  may  not  seem  necessary  to  determine  a 
specific  critical  charge  and  sensitive  volume  thidmess  as  long 
as  their  ratio,  the  threshdd  LET,  can  be  determined.  The 
threshdd  LET  is  the  value  of  the  Linear  Energy  Transfer,  d 
an  incident  particle  crossing  the  sensitive  voiume,  that  is 
required  to  upset  the  device.  The  normal  way  of  determining 
this  value  is  to  use  the  heavy>ion  cross  section  vs.  LET  curve 
shown  in  Fig.  I.  The  threshold  LET  is  determined  I9  taking 
the  LET  value  from  the  curve  at  a  certain  percentage  oi 
I^ateau.  A  conservative  approach  ofien  taken  in  predicting 
SEU  rates  is  to  use  the  lov^  value  of  LET  which  led  to  an 
tqiset,  the  tmset  of  threshold  LET.  Others  use  25%  of  the 
saturation  value.  Kfore  precise  calculations  require  taking  the 
shape  of  the  response  curve  into  account  [2].  For  purposes  of 
comparing  heavy-ion  and  proton  data,  it  is  necessary  to  use 
fiir  ^  critical  charge,  a  value  likely  to  result  in  upset  We 
prefer  the  traditional  value  of  threshold,  i.e.,  the  value  of  the 
LET  corresponding  to  a  cross  section  of  50%  of  the  saturation 
value  [2].  The  saturation  value  should  be  estimated  from  the 
early  portions  of  the  plateau  rather  that  its  value  at  hi^  LET 
because  other  type  of  events  may  be  contributing  at  high  LET 
(2).  Difference  in  the  approach  used  to  determine  threshold 
can  lead  to  substantially  different  values  of  threshold  LET 
dqiending  upcm  the  shape  of  the  re^nse  curve. 


Figure  3.  CREME  calculations  for  various  parameters. 

Fig.  3  compares  SEU  rate  calculations  for  a  device 
plotted  as  a  fiuiction  of  the  critical  charge  for  two  different 
assumed  thicknesses  of  the  SV  for  costiiic-ray-induced  upsets. 
The  abscissa  is  scaled  by  dividing  the  crid^  charge  the 
sensitive  volume  thidcnesses  in  order  that  a  meanired 


threshold  LET  corresponds  to  the  same  bbscissa  value  on  both 
curves.  The  curves  clearly  indicale  that  for  devices  with 
equivalem  threshold  LETs.  the  thicker  device  is  less  sensUive. 
eqiecially  for  high  values  of  the  threshold  LET.  This  figure 
demonstrates  that  accurate  knowledge  of  the  senative  volunie 
thiduiess,  as  well  as  the  value  of  the  critical  charge,  is 
necessary  for  predicting  the  upset  rate  of  a  device  in  deep 
space. 

CRRES  SEU  data  has  shown  that  proton  induced  SEU 
dominate  the  cosmic-ray-induoed  SEUs  for  (uoton  sensitive 
devices  flying  in  satellites  that  traverse  the  irmer  proton  bdts 
even  when  the  satellite  qiends  only  a  small  fraction  of  its  orbit 
there  [3].  Proton-induced  upsets  rates  are  also  quite  sensitive 
to  the  thidmess  the  sensitive  volume.  This  is  illustrated  by 
following  the  daitheri  lines  on  the  curves  shown  in  Fig.  4.  The 
integral  energy  deposition  curves  shown  there  were  calculated 
by  CUPID  (4.5)  aiKl  ate  plotted  for  sensitive  volumes  having 
tte  same  lateral  dimensions  and  differem  thicknesses.  At 
each  thidmess,  the  integral  spectra  for  both  148  MeV  and  30 
MeV  normally  incident  protons  are  shown  for  an  area  44 
pm  1^  44  pm.  The  curves  in  Fig.  4  are  plots  of  the  cross 
section  for  a  proton-induced  spallation  leactitm  which  results 
in  at  least  the  energy  dqiosition  given  ly  the  abscissa.  The 
curves  can  be  used  to  relate  the  iqiset  cross  section  to  the 
critical  charge.  The  dashed  lines  on  each  grqih  show  that  for 
a  ^ven  arbitrary  critical  charge  of  10  MeV,  the  cross 
sectional  upset  rate  on  the  ordinate  axis  can  vary  considerably 
for  different  SV  thidmesses.  The  1  micron  thick  SV  has  an 
upset  cross  section  of  around  3E-14  uliile  the  10.7  micron 
tUckSV  has  an  upset  cross  section  of  about  4E-11.  So  in  this 
particular  case,  the  10.7  micron  device  would  have  an  upset 
rate  1000  times  higher  than  the  1  microo  device  for  the  same 
proton  fluence. 

The  prior  illustrations  illustrates  how  that  Curly  precise 
values  of  both  sensitive  volume  thidmess  and  critical  charge 
are  necessary  for  accurate  upset  rate  predictions.  The 
common  way  for  each  to  be  determined  is  to  estimate  one  or 
the  other  and  use  the  heavy  ion  threshold  LET  teIationsh4>  to 
determine  the  unknown  one.  The  only  way  to  estimate  the 
critical  charge  is  through  SPICE  or  other  drcuit  simulations 
which  are  somewhat  complex  and  whose  results  are  often 
suspect.  Consequently,  the  SV  thickness  is  usually  estimated 
first,  and  then,  the  critical  charge  is  calculated  from  the 
threshold  LET.  The  SV  thidmess  is  often  estimated  ly  using 
a  given  value  for  a  specific  type  of  technology  such  as  NMOS, 
Bipolar  or  CMOS.  Other  times  the  SV  thidmess  is  estimated 
by  the  location  of  a  physical  structure  on  the  chip  such  as  the 
epi-layer  depth  or  the  junction  depletion  depth.  McNulty  et 
al.  [1]  have  used  a  cha^  collection  method  to  determine  the 
SV  thickness  of  devices.  This  method  has  been  found  to  work 
well  for  NMOS  devices  [1,2],  and  for  CMOS  devices  but  the 
latter  can  require  some  very  complex  interpretation  (6).  The 
method  is  inaccurate  for  BIPOLAR  devices  due  to  internal 
amplification  of  the  signal.  Figure  2  shows  a  charge 
collection  spectrum  from  a  very  conunon  and  widely  studied 
[7,8]  bipolar  SRAM,  the  one  used  in  this  stu^. 
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Figure  4.  Integral  cross  section  fior  depositing  M  least  the 
energy  deposited  given  by  the  absciasa  versus  the  energy 
dqposited.  Curves  are  for  protons  incident  at  30  MeV  and  148 
MeV  on  sensitive  vt^umes  with  thicknesses  of  a)  Ipm.  b)  3 
tun  and  c)  10.7  tun. 

Using  the  energy  of  the  peak  position  and  range  energy  tables 
of  the  incident  ion,  the  thickness  of  the  diarge  collecting  SV 
is  found  to  be  44  microns.  This  large  value  is  asstimed  to  be 
due  to  the  anqrliltcation  of  the  ion  genertted  signal  by  the 
bipolar  transistor  the  ion  crosses.  This  amidificatioo  causes 
the  curve  to  be  shifted  to  the  right  to  hi^io'  energies.  If  the 
amplification  foctor  ci  the  transistor  was  known,  then  the 
spectrum  could  be  normalized  and  the  data  would  be  more 
useful  but,  the  fiKtor  can  not  be  easify  detomined  at  this  time. 

DETERMINATION  OF  SV  THICKNESS 
This  paper  presents  a  method  for  determining  both  the 
critical  cha^  and  SV  thickness  for  a  device  using  sinqile 
proton  SEU  cross-section  measurements  and  CUPID 
simulations  of  the  device.  The  basic  idea  behind  this  method 
can  be  seen  by  referring  to  the  gr^)hs  in  Fig.  4.  The  critical 
charge  of  an  SRAM  cell  is  circuit  design  dqrendent  only  and 
should  be  indqreiulent  rtf’  the  particle  generating  the  charge. 
This  means  that  the  critical  charge  is  the  same  for  dififererd 
incident  imNon  energies.  The  two  horizontal  solid  lines  from 
the  ordinate  axis  in  the  figures  represenl  measured  proton- 
iiMhiced  SEU  cross  section  values  for  30  and  148  MeV 
normally  incident  protons.  These  iq)set  cross  sections  are 
traced  across  to  the  appropriate  CUPID  simulation  curve  and 
then  down  to  the  abscissa  which  determines  the  ooneqxMiding 
critical  charge.  The  graphs  show  that  the  curves  for  a 
thidcness  of  10  microns  yidd  two  cleariy  different  values  of 
critical  charge  which  differ  by  a  foctor  d  two  while  the  curves 
for  a  thidcness  of  3  microns  yield  values  that  differ  by  less 
than  5%.  If  the  correct  SV  thickness  is  used,  then  each 
different  proton  energy  should  corre^nd  to  approximately 
the  same  constant  critical  charge. 

The  procedure  to  be  used  is  to  measure  SEU  cross 
sections  of  a  device  at  a  variety  of  incident  proton  energies. 
CUPID  simulations  of  the  int^^  spectra  are  then  calculated 
for  each  incident  proton  energy  fen  a  variety  of  assumed 
thidonesses.  For  each  thickness,  the  values  of  critical  charge 
are  obtained  for  each  proton  energy  using  the  CUPID  curves 
and  experimentally  obtained  cross  sections.  The  thickness 
value  with  the  least  dispersion  of  critical  charge  is  the  best 
estimate  of  the  thickness  of  the  SV. 

This  procedure  was  applied  to  the  same  type  of  1  kbit 
bipolar  SRAM  described  previously.  SEU  cross  sectkms 
measurements  for  this  part  were  done  Ity  Shimano  [9]  and 
Smith  [10].  CUPID  simulations  were  performed  for  SV 
thidmess  values  ranging  from  O.S  micron  to  44  microns. 
Values  of  the  critical  charge  were  found  for  each  thidaiess 
from  the  appropriate  CUPID  curve. 

Fig.  5  plots  the  value  of  the  critical  charge  versus  the 
inddent  proton  energy  for  each  value  of  assumed  thidcness. 
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The  relationships  iqipear  to  be  linear  when  plotted  on  a  log- 
log  scale.  A  value  ot  the  critical  charge  whi^  is  indqxadent 
of  energy  would  ot  give  a  horizontal  line  on  this  grafdi  so  the 
SV  thickness  that  corresponds  closest  to  a  horizontal  line 
should  be  the  correct  thidcness. 

The  average  and  standard  deviation  of  the  critical  charge 
distribution  were  calculated  for  each  thiduiess.  The  standard 
deviation  was  divided  by  the  corresponding  average  to 
normalize  the  values  for  each  distributitMt  Figure  6  shows 
this  dispersion  estimate  plotted  versus  the  value  of  the 
thickness.  A  cid>ic  spline  best  fit  was  applied  to  the  data  to 
generate  the  curve.  The  minimum  of  this  graph  is  the 
thickness  with  the  smallest  dispersion  of  critical  charge,  and 
thus,  is  the  most  appropriate  v^ue  of  the  SV  thiduiess.  The 
average  value  oi  ^  critical  charge  at  this  thiduiess  is  the 
critical  charge  that  should  be  used  for  upset  rate  calculations. 


Bipolar  SRAM. 


0.1«  I.M  !•.«  \9QM 

of  SV  in  mieront 

Figure  6.  Diqiersion  of  critical  charge  at  each  SV  thickness. 


Figure  7  compares  the  eiiperimeetal  measured 
SEUcrosssections  from  Refs.  (9.10]  against  the  resuhs  of  the 
simulations.  The  average  value  of  the  critical  charge  obtained 
previously  was  used  for  each  thickness.  An  interesting  femure 
of  the  simulations  is  that  the  SEU  cross  section  at  40  MeV 
appears  to  be  indqiendent  of  the  thickness  assumed.  At  low 
energies,  using  too  small  a  thiduiess  in  simulations  results  in 
an  overestimate  of  the  cross  section,  and  using  too  large  a 


Figure  7.  SEU  cross  section  versus  inddent  proton  energy. 
Experimental  measurements  fiom  Refs.  9  and  10  are  jdotted 
as  squares.  The  theoretical  curves  are  based  on  CUPID 
simulations  for  sensitive  volumes  with  diflerent  thiduiesses. 
The  value  Of  thrediold  was  taken  to  be  the  average  value  of 
the  critical  charge  which  fit  its  measured  cross  sections  as 
shown  in  Fig.  4. 


Figure  8.  Same  as  Fig.  7  with  the  threshold  based  on  the 
threshold  LET  of  1.7  MeV-cm^  /mg  obtained  from  Re&.  7 
and  11. 
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Ihickiies  causes  an  undetestimate  of  the  cross  sectkm  at  low 
energies  and  an  over  estimate  at  high  energies,  the  best  fit  is 
between  two  and  three  microns. 

The  questkm  arises  as  to  how  well  the  curves  would  fit 
the  experimental  dttta  if  the  threshold  LET  from  heavy^ion 
dM  was  used  to  determine  each  critical  charge  instead  of 
using  proton  data. 

Figure  8  shows  the  |dots  of  this  using  a  threshold  LET  of 
50%  oi  plateni  whidi  is  about  1.7  MeV/mg/cm^  from  Ret 
[11.14].  As  one  can  see,  the  fits  are  all  are  below  the 
experimental  data.  The  best  fit  is  with  the  thinnest  values  of 
SV  thidcness. 

DISCUSSION 

We  have  shown  how  proton  SEU  data  can  be  used  to 
obtain  SV  thidmess  and  critical  charge  parameters  for  a 
device.  The  only  drawbadc  of  this  procedure  is  that  some  of 
todays  leading-^ge  rad-hard  devices  are  immune  to  probm 
upsets.  This  problem  may  be  at  least  partially  overcome  by 
inaking  SEU  measurements  at  reduced  biases  [12].  However, 
most  of  the  commercial  devices  used  in  satellite  systems  ate 
proton  sensitive  so  the  method  should  be  applicable  for  many 
devices  of  interest  We  have  also  modified  this  q)|Moach  to 
uses  protons  at  difierent  angles  d  incidence  instead  oi 
different  energies  [12,13].  It  has  also  recently  been  apfrfied  to 
latch-up  [13]. 

Of  course,  the  most  important  application  of  this  method 
would  be  to  produce  more  accurate  upset  rate  prcdictirms. 
CREME,  which  calculates  upset  rates  for  heavy  ions  in  space, 
requires  precise  values  of  the  SEU  param^ers  for  accurate  and 
consistent  upset  rate  predictions.  Calculation  of  inoton  tq)sd 
rates  in  iqiace,  like  those  illustrated  in  [3],  also  benefit  ^m 
accurate  determination  of  critical  charge  a^  SV  thidmess. 

One  important  implication  of  this  procedure  is  the 
prediction  of  the  effects  of  radiation  with  different  angles  of 
incidence.  Once  the  area  and  thickness  of  the  sensitive 
volume  are  known  exactly,  then  variation  of  SEU  cross  section 
with  different  angles  of  itKidence  can  be  calculated.  Nearly 
all  heavy-ion  testing  is  done  within  a  vacuum  with  particles 
that  have  ranges  in  silicon  of  much  less  than  100  microns. 
This  limited  range  typically  only  allows  angles  of  less  than  60 
degrees  measured  ^m  normal  inddence  to  be  used  before 
the  padcaging  around  the  die  starts  to  shadow  the  beam  or  the 
beam  penetration  depth  becomes  to  small  to  traverse  the 
sensitive  volume.  Accurate  knowledge  of  the  critical  charge 
and  SV  dimensions  can  be  used  to  predict  upset  rates  at  high 
angles  of  incidence  1^  calculating  the  chord  length 
distributions  of  particle  crossings  of  the  SV  at  a  particular 
angle  of  incidence. 

The  value  of  the  critical  charge  estimated  using  this 
procedure  can  predict  the  threshold  LET  for  heavy  ion 
experiments.  Table  1  compares  the  threshold  LET  estimated 
from  the  data  of  Refr.  [11,14]  attd  from  the  method  described 
in  this  paper. 


Part# 

Threshold  LET 

MeV/mg/cm^ 

Heavy-ion 

Proton 

93U22 

1.7  ±1 

1.44  ±  .05 

CONCLUSION 

A  procedure  is  described  fisr  determining  the  critiod 
charge  ^  the  sensitive  vidurae  thidmess  of  a  device  using 
proton  upset  cross  sections  and  CUTO)  simulations.  Proton 
SEU  cross  sections  are  obtained  for  a  device  at  a  variety  of 
proton  energies.  CUPID  simulations  are  then  performed  for 
these  energies  for  various  SV  thidmesses.  For  eadt  SV 
thidmess,  critical  charges  ate  found  from  the  simulatioo 
curves  for  that  thidmess  using  the  etqxrimental  SEU  cross 
section  for  each  proton  energy.  The  dispersion  of  critical 
charge  is  the  found  for  the  thidmess  by  dividing  the  standard 
deviation  of  the  values  of  critical  charge  obtained  at  differem 
energies  for  this  thidmess  by  the  average  value.  The  (uoptf 
thidmess  the  SV  is  the  one  with  the  minimum  dispersion  of 
critical  charge.  Accurate  estimation  the  SV  dimensions 
and  critical  charge  can  lead  to  more  accurate  SEU  rate 
predictions. 
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ABSTRACT 

The  CRRES  MUmu’t  highly  «UipUe«l  orbii  «xpoMt  the 
SEU-MBsitivt  devicM  withis  the  hlkroelectroake  Pack¬ 
age  to  both  the  trapped  protona  of  the  iaaer  radiatke 
behe  and  the  coemk  raye  ot  deep  apace.  Prelimiaaiy  data 
from  aeaaitive  devkea  ahow  more  npeeta  dne  to  {Motoaa 
than  dne  to  coamk  raya  on  thia  type  orbit.  Thia  ia  oon- 
aiatent  with  pnlae-height  apectra  meaanred  from  a  pho* 
todiode  within  the  package.  Prehminary  data  obtained 
with  the  Ratemetor  experiment  in  the  inner  radiation 
belta  an  ia  reasonable  agreement  with  predictions  baaed 
on  the  trapped  proton  apectra  ghrea  by  the  NASA  APS 
model  for  aolar  maximnm  combined  with  CUPID  nmn- 
lationa  of  the  spallatioa  reactions  near  the  aenaithe  vol- 
nmes  of  the  memory  elements.  The  more  limited  data 
from  deep  space  is  ia  agreemoit  with  the  CREME  cakn- 
latioas  fw  cosmic  ray  traveraab.  CUPID  is  also  in  rela¬ 
tively  good  agreement  erith  the  pnlae-height  spectra  men- 
anred  ia  the  inner  belta  as  part  6t  the  PHA  experiment. 

INTRODUCTION 

The  pnrpoae  the  Microelectronics  Package  on  CRRES 
(Combined  Rekaae  Radiation  Effects  Satellite)  is  to  see 
and  monitor  a  wide  variety  of  microelectronic  cmnpoaeata. 
Its  design  iaclndes  dosimeters  and  thermistors  to  measure 
the  radiation  exposnre  and  temperatnre  at  a  large  anm- 
ber  of  positions  within  the  iastmmeat.  The  cnmnlative 
effects  of  total  dose  and  the  single  event  phenomena  in- 
dneed  by  the  radiation  arc  constantly  monitored.  The  ol^ 
jective  of  the  Mkrodcctronics  Package  is  to  test  and  im¬ 
prove  space  radiation  models  which  predict  exposnre  and 
device  models  which  predict  the  effects  of  that  exposnre. 
This  papa*  describes  the  preliminary  results  from  two  ex¬ 
periments  within  the  Microelectronics  Package  which  were 
designed  to  provide  an  early  test  of  the  modeb  need  for 
single-event  upset  (SEU)  predictions:  the  Pulse-Height  • 
Analyser  (PHA)  experiment  and  the  Ratemeter  ei^ri- 
ment. 

Since  circuits  are  upset  by  current  flow  across  sensitive 
junctions  traversed  by  cosmic  ra]rs  [1]  w  by  current  flow 
initiated  by  nnebar  spallation  reactions  [2],  the  envkon- 
mental  modeb  to  be  tested  concern  the  coemk  rays  and 
the  energetk  protons  trapped  in  the  inner  radiation  belt. 


Saccesdfhl  SEU-ratc  iwedictioa  requires  accurate  predk- 
tion  of  the  charge-colbctioa  events  at  the  souitive  p-n 
junctions  on  a  device  as  well  as  accurate  predktioa  of  the 
response  of  the  circuit  to  the  subsequent  vidtage  seringa. 
In  the  PHA  experiment  the  energy-deposition  evmits  mea- 
snred  ia  a  cylindrical  volume  of  knoera  dimeasioas  are 
pnbe-height  analysed.  The  PHA  spectra  provide  an  inde¬ 
pendent  test  of  the  environmental  modeb  generating  the 
primary  radiation  events. 

The  Ratemeter  experiment  coasbt  of  ten  64K  DRAMs  (In¬ 
tel's  2164A)  whkh  have  been  extensively  studied  regarding 
thek  SEU  response  to  both  heavy  ions  and  protons.  Both 
the  heavy-kn  and  proton  SEU  data  obtained  at  accebra- 
tors  with  thb  device  has  been  fitted  (l]  naiag  a  singb  srt 
of  parameters:  the  dimensimu  of  the  sensitive  volume  and 
the  critical  charge.  All  the  devices  tested  srere  from  the 
same  lot  as  the  CRRES  parts,  and  there  was  very  littb 
variation  in  thek  SEU  response.  The  device  b  reUtivriy 
insensitive  to  total  dose  compared  to  moot  DRAMS.  More¬ 
over,  the  proUm  SEU  crom  section  for  the  21MA  has  been 
shown  not  to  be  sensitive  to  the  cnmnlative  total  dose.  R- 
nally,  the  sensitive  volume  has  dimeasioas  close  to  those 
tyiN^  of  modem  CMOS  devices. 

The  Ratemeter  and  PHA  experiments  were  designed  into 
the  Mkroebctitmics  Package  as  modeling  targets  whkk 
can  provide  the  type  and  amount  of  data  necessary  to 
characterise  the  varkns  regions  of  space  and  solar  flares 
according  to  thek  SEU  risks.  They  also  provide  a  quick 
test  of  the  primary  radiation-effects  modeb  of  the  natural 
environments. 

To  facilitate  comparison  of  theory  and  experiment,  the 
orbit  has  been  divided  into  two  major  segments;  deep 
space  and  the  inner  radiatkn  belts.  The  inner  rsdiatkn 
belts  have  some  electromagnetk  shkldiag  against  cosmk- 
ray  partkbs,  but  they  contain  the  energetk  trapped  pro¬ 
tons  whkh  i»odnce  large  energy-depositkn  events  through 
spallation  reactions.  Deep  space,  on  the  other  hand,  con¬ 
tains  few  trapped  protons,  l^t  the  satellite  b  exposed  to 
the  natural  abnndance  of  the  energetk  heavy  ions  of  the 
cosmic  rays. 
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RATEMETER  EXPERIMENT 
Methods  and  MateriaJs 

Tea  64K-bik  DRAMs  were  located  in  the  Mkroclectroaka 
Package  Experiment,  5  on  each  experimental  boa.  They 
were  amigned  to  cells  8  and  17  of  the  inner  board  of  ex¬ 
perimental  section  1.  The  DRAMs  are  read  out  once  per 
second.  The  memory  array  is  then  reset  periodically.  Fig¬ 
ure  1  shows  a  schematic  of  the  logical  organisation  of  each 
half  of  the  Ratemeter  experiment.  No  identification  of  the 
bit  in  error  is  made.  The  Intel  2164A  was  nsed  as  the  test 
chip  because  it  had  been  carefully  characterised  in  terms 
of  SEU  sensitivity  and  was  the  available  DRAM  with  the 
least  sensitivity  to  total  dose  effects. 
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Fig.  1.  Test  circuit  used  for  measurements  of  SEUs  in 
the  DRAMs  the  Ratemeter  experiment  in  the  Micro¬ 
electronics  Package  experiment  on  the  CRRES  satellite. 

Chnrnetcrlsntlon  of  SEU  Response 

Model  calculations  of  the  SEU  rate  for  the  Ratemeter 
DRAMs  were  based  on  the  trapped  proton  environment 
calculated  by  the  NASA  model  APS  [2]  with  the  orbital 
parameters  of  apogee= 36000km,  perigee=360km,  and  an 
inclination  of  21  degrees.  The  energy  spectrum  averaged 
for  the  trapped  protons  over  many  orbits  is  given  in  Fig. 
2.  The  energy-deposition  events  induced  in  the  circuit 
elements  were  simulated  using  the  CUPID  (Clemson  Uni¬ 
versity  Proton  Interactions  in  Devices)  codes  [3].  Using 
these  codes  to  calculate  SEU  rates  required  knowing  the 
dimensions  the  sensitive  volume  and  the  critical  charge 
(or  threshold  energy  deposition  •  1  pC  =  22.5  MeV)  for  the 
DRAM.  These  were  determined  by  irradiating  the  delidded 
part  with  heavy  ions.  Figure  3  shows  the  cross  section  for 
upsetting  the  Intel  2104A  plotted  versus  the  effective  LET 
of  the  incident  heavy  ion  (1].  The  triangle  represents  the 
predicted  threshold  LET,  plotted  as  50%  plateau,  based 
on  the  ratio  the  manufacturer’s  estimate  of  the  critical 
charge  and  our  estimate  of  the  thickness  of  the  sensitive 
volume.  Two  estimates  of  the  thickness,  one  theoretical 


following  the  procedures  of  Ref.  4  and  the  other  expm- 
mental  using  the  charge  collection  procedures  outlined  in 
Ref.  5  were  found  to  be  in  agreement.  The  area  of  the  sen- 
sitive  volume  is  given  by  the  value  of  the  SEU  event  cross 
section  (l|  measured  on  the  early  portion  of  the  plateau. 
The  second  method  of  determining  the  thkkness  involved 
estimating  it  from  the  peak  in  the  spectrum  shown  in  Fig. 
4.  The  fact  that  the  peak  in  the  spectrum  corresponds 
to  traversals  of  the  memory  cell  was  confirmed  by  probing 
the  DRAM  with  the  heavy-ion  microbeam,  as  described  in 
Ref.  6. 


Fig.  2.  Integral  spectrum  the  trapped  protons  in  the 
inner  radiation  belts  averaged  over  maigr  orbits  as  given 
by  NASA's  APS  model  for  solar  maximum  (2|. 
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Fig.  3.  SEU  event  cross  section  versus  effective  LET  for 
the  Intel  2164A.  The  |.latean  in  the  cross  section  at  high 
values  of  LE!T  agrees  with  the  estimates  the  memory 
cell  area  obtained  firom  optical  measurements  (l]. 

The  same  SEU  parameters,  the  dimensions  of  the  sensi¬ 
tive  volume  and  the  critical  charge  were  nsed  in  CUPID 
simulations  of  the  SEU  cross  sections  to  be  expected  when 
the  DRAM  was  exposed  to  energetic  ^«tons.  The  pa¬ 
rameters  used  were  a  sensitive  volume  area  of  140/tm’,  a 
sensitive  volume  thickness  of  3.58pm,  and  a  critical  charge 
of  S.SMeV.  FigtLve  5  compares  the  SEU  cross  sections  as  a 


fuctkm  of  iacidoBt  proton  onorgy  m  fives  by  tboory  orUk 
Ik*  meatsred  vmlsoe,  ekowisf  very  good  egreemest.  Tkie 
coseietescy  of  tke  Isborstory  dots  ssd  tke  model  prodk* 
timu  made  Ike  Intel  21MA  tke  ideal  aensitive  part  to  nae 
to  teat  onr  environmental  and  interaction  algori^kma  for 
tkia  orbit,  kforeovar,  fewer  tkan  10%  of  tke  SEUa  indnced 
in  ov  proton  tcata  were  mnltiple  npaet  eventa,  wkkk  aim- 
plifiea  tke  compariaon  of  apace  data  witk  tkeory. 
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Fig.  4.  Pnlae-heigkt  apectmm  meaanred  on  tke  Intel 
2164A  following  tke  teckniqnea  deacribed  in  Ref.  5.  Tke 
peak  coireaponda  to  kits  on  tke  memory  cells  while  tke 
broad  backgroond  ia  dominated  by  interactions  in  tke  snp- 
port  circnitiy. 


Fig.  5.  Meaanred  SEU  croea  section  venna  incident  proton 
energy  for  tke  Intel  2164A.  The  solid  carve  represents  the 
resalts  of  simalationa  oaing  CUPID. 


Rcnultn  -  Inner  Rndlntlon  Belt 
The  SEU  rates  were  calcalated  for  this  orbit  by  oaing  CU> 
PID  to  aimalate  the  energy*depoaition  (charge  collection) 
spectra  for  a  nnmber  of  incident  energies.  Ike  incideBt 
particlea  were  asanmed  to  have  first  traversed  a  tkkkneas 
of  shielding  before  arriving  at  the  DRAM.  Figore  6  ia  a  plot 
of  the  SEU  rate  for  the  CRRES  orbit  as  a  faaetion  of  the 
thickness  of  a  spherical  shield  sotroanding  it.  The  vnx 


rate  is  not  tasribly  sanaitive  to  tke  shielding  after  the  firrt 
thin  layer  of  alnminom.  The  DRAMa  had  an  aqatvalent 
skialding  of  U6  mills  of  A1  on  one  side  and  an  estimated 
20gm/cm*  on  all  other  sides.  Tke  calcalated  npaet  rate  is 
compared  to  tke  valne  meaanred  in  over  4S0  orbits  in  Table 
1.  Tke  agreement  is  good  witk  tke  calcalated  npaet  rate 
being  a  factor  of  two  lower  than  the  actaal  rate.  APS  had 
only  been  expected  to  be  accorate  within  a  factor  of  two 
when  compared  to  data  averaged  over  periods  exceeding 
<»e  year. 


Fig.  fi.Simnlated  SEU  rate  for  the  2164A  DRAM  in  tke 
inner  belts  as  a  fonction  of  spherical  shielding  thkkneaa. 


Table  1. 

Sntemetcr  Prcdletlons 
(Inner  Rndlntlon  Belts). 


Upseto/Bit-Dsy 

CALCULATED 

OBSERVED 

(0.35i;0.04)  xlO'* 

(0.81±0.02)  xl0-‘ 

Deep  Space  -  Bntcmeter 

The  CREME  codes  were  osed  to  simnlate  the  energy  de¬ 
position  ia  the  DRAM’s  sensitive  volnmea  as  a  resolt  of 
coamk-ray  traversals.  No  corrections  were  inclnded  for 
the  removal  of  lower  energy  cosmic  rays  dne  to  deflection 
by  tke  earth’s  m^etic  field.  The  error  rate  dne  to  cosmk 
rays  is  also  not  partknlarly  sensitive  to  the  thickness  ot  the 
shklding  aronnd  tke  cirenit  after  the  first  thin  layer.  This 
can  be  seen  in  Fig.  7  where  tke  SEU  rate  dne  to  cosmk 
rays  is  plotted  versos  the  thickness  cf  tke  spherkal  shkld¬ 
ing  asanmed  m  the  CREME  calcnlations.  Table  2  com¬ 
pares  the  predktions  with  the  npaet  rate  measnred  ia  the 
deep-space  segment  of  the  orbit.  The  experimental  data 
shown  in  this  table  is  for  only  the  first  33  orbits.  Again, 
the  agreement  is  better  than  expected  considering  tke  ac- 
cnracy  of  the  model  for  this  shmt  a  period.  In  a  highly 
elliptkal  transfer  orbit  like  that  ci  CRRES,  the  spacecraft 
spends  only  a  small  fraction  of  its  10.6  hoar  mbit  within 
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Um  mii«r  ndutioa  belts.  Despite  tbis,  compsrisoa  of  tke 
SEU  rstes  m  the  iaaer  belts  (Tbble  1)  with  tbc  rates  ob¬ 
served  ia  tbe  nmsiader  of  tbe  orbit  (Tbble  2)  shows  that 
the  protou  pose  the  freatw  hsssrd  to  sensitive  parts  in  a 
transfer  orbit. 
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Fig.  7.  CREME  ivedictions  oi  the  upset  rate  for  the 
2 164 A  DRAM  as  a  function  of  shielding  thickness. 

Table  2. 

Rniemcter  Preddetioan. 

(Deep  Space) 

(Bgm/em^  Al  Shielding) 


Upsets/Bit-Day 

CALCULATED 

OBSERVED 

(1.5±0.6)  xl0-« 

(1.4±0.3)  xl0-« 

2164A  DRAM 

149  fC 

SOUR  MAX 
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PULSE  HEIGHT  ANALYZER  EXPERIMENT 

The  Pulse-Height  Analyser  experiment  was  designed  into 
the  CRRES  satellite  in  <Hder  to  test  onr  ability  to  model 
the  radiation  environment  and  the  {wimary  interactions 
which  lead  to  SEUs  without  involving  the  SEU  response 
of  specific  devices.  The  logic  diagram  for  the  PHA  is  shown 
in  Fig.  8.  It  involves  monitoring  the  pulses  generated 


Fig.  8.  Circuit  used  for  the  pnlse-height  analyser  experi¬ 
ment  on  CRRES. 


IMS 

across  within  a  partially  de|deted  PIN  diode  which  has 
a  wnU-characterised  equivalent  sensitive  vdnme,  an  area 
of  .OSlcm^  and  a  thickneos  of  50  nucrons.  tf  one  cannot 
predict  the  sh^  of  the  spectrnm  obeerved  in  the  PHA 
experiment,  then  agreement  with  specific  devices  would 
be  suspect  as  fortuitous  or  due  to  muhiide  errors.  CU- 
PID's  abiSty  to  predict  the  charge  collection  spectra  for 
a  number  of  incident  prot<Hi  energies  before  launch  using 
the  Harvard  Cyclotron.  An  example  of  such  a  comparismi 
is  shown  in  Fig.  0. 


Fig.  9.  Measured  cross  section  for  depositing  at  least 
energy  E  in  the  sensitive  volume  of  the  UVlOO  photodi¬ 
ode  used  ia  the  PHA  experiment  plotted  versus  E.  The 
theoretical  curve  represents  the  predictions  of  the  CUPID 
codes  for  that  incident  enwgy. 

Results  -  Inner  Radiation  Belt 

The  PHA  experiment  was  on  the  outermost  circuit  board. 
The  detector  is  a  UVlOO  photodiode.  The  shielding  on 
one  side  of  the  detects  was  only  equivalent  to  a  75  mills 
thickness  of  aluminum.  We  estimate  the  shielding  for  ions 
incident  in  all  other  directions  to  be  20  gm/cm^  thick¬ 
ness  ot  aluminnm.  Using  this  shielding  estimate,  a  PHA 
spectrum  was  calculated  from  a  set  of  theoretical  PHA 
response  curves  from  CUPID,  similar  to  the  one  shown 
ia  Pig.  9,  and  the  theoretical  proton  spectrum  from  AP8 
shown  in  Fig.  2.  Figure  10  shows  this  thewetical  spectrum 
compared  against  the  actual  spectrum  measured  during 
the  inner  radiation  belt  segments  of  408  orbits.  The  shape 
of  the  spectra  agree,  but  the  theoretical  curve  is  at  least 
a  factor  of  4  below  the  measurements.  Comparisons  over 
longer  time  intervals  would  be  helftful  in  determining  the 
significance  of  this  disagreement.  The  few  high  energy 
events,  larger  than  80  MeV,  seen  in  the  proton  belts  are 
most  likely  from  heavy-ion  cosmic  rays.  The  total  nnin- 
btf  of  these  large  events  is  consistent  with  the  number 
that  would  be  expected  if  thore  was  little  reduction  in  the 
cosmk  rays  by  the  earth's  magnetic  fields. 
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Energy  Deposited  (MeVj 

Fif .  10.  Differential  PHA  spectram  meaanred  in  the  inner 
radiation  belt  segment*  of  408  orbits. 

Deep  Space  -  PHA 

There  were  considerably  fewer  events  recorded  outside  the 
inner  radiation  belt  than  inside,  either  in  the  microelec* 
tronic  devices  or  in  the  PHA  detector.  Figure  11  gives  the 
pulse-height  spectrum  observed  for  the  first  408  orbits  out¬ 
side  the  inner  belt*.  There  are  far  fewer  low-energy  events 
in  the  deep  space  segments  of  the  orbit*  than  was  observed 
in  the  inner  belts  but  somewhat  more  high  energy  events. 
For  the  more  SEU-sensithre  devices,  therefore,  the  inner 
radiation  belts  represent  a  harsher  environment  than  the 
cosmic-ray  environment  of  deep  space. 


Energy  Deposited  (MeV) 

Fig.  11.  Pulse-height  spectrum  measured  outside  the 
inner  radiation  belts  over  408  orbits. 


SUMMAAY  AND  CONCXUSION8 

The  Ratemeter  experiment  on  the  CRRES  satellite  ex¬ 
hibits  many  mors  SEUs  due  to  energetic  tipped  protmu 
than  due  to  cosmic  rays.  Fairly  accurate  theoreti^  pre¬ 
dictions  of  proton  induced  events  were  made  by  combining 
the  NASA  AP8  model  of  the  protons  trapped  in  the  in¬ 
ner  radiation  belt  and  the  energy-deposition  spectra  from 
CUPID  code’s  simulation  of  the  nnclear  spallation  reac¬ 
tions.  The  nnmbwr  of  upsets  iwedicted  far  the  Ratemeter 
DRAMs  was  only  a  littk  over  a  factor  of  two  lower  than 
what  was  seen  on  the  satellite.  Similariy,  comparuon  of 
the  events  outside  the  inner  belt  with  the  predictions  of 
CREME,  with  no  cwrections  for  magnetic  defiection,  yield 
good  agreement.  A  more  detailed  test  of  proton  modeling 
came  from  comparing  the  simnlatkHU  with  the  experimen¬ 
tal  energy-deposition  spectrum  measured  in  the  inner  radi¬ 
ation  belts  as  part  of  the  PHA  experimut.  The  theoretical 
simulation  of  the  integral  pulse-height  spectrum  had  the 
same  shape  as  the  experimental  spectrum,  but  the  simu¬ 
lation  was  about  a  factor  of  four  lower  in  total  count  rate. 
Since  AP8  and  CREME  are  expected  to  be  accurate  within 
a  factor  of  two  only  when  averaged  over  intervals  longer 
than  a  year,  and  the  experimental  data  represents  just  un¬ 
der  six  months  of  fiight  time,  the  agreement  is  considered 
to  be  quite  good. 
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ABSTRACT 

Experiments  on  proton-induced  SEU  in  16  K  CMOS/SOS 
RAMs  have  shown  that  nuclear-reaction-induced  upset 
can  occur  in  this  technology  with  significant  probability 
at  total  dose  and  dose  rate  well  below  damage  or  dose 
rate  upset  levels.  Analytical  predictions  based  on  circuit 
analysis  and  Monte  Carlo  analysis  for  nuclear-reachon- 
induced  upset  are  consistent  with  the  experimental  results. 
The  approach,  results,  and  implications  for  SOkype 
technologies  are  discussed. 


INTRODUCTION 

CMOS/SOS  is  the  chosen  technology  for  many  system 
applications  which  require  low  SEU  rates  or  hi^  dose 
rate  operate-through  capability.  The  transient  hardness 
of  silicon-on-sapphire  (SOS)  relates  to  the  smaller  volume 
from  which  ionization-generated  charge  can  be  collected. 
A  similar  hardening  is  realized  with  silicon-on-insuiator 
(SOI),  of  which  SOS  is  a  special  case. 

The  data  retention  of  CMOS/SOS  RAMs  in  a  high  flux 
proton  beam  is  of  interest  from  the  standpoint  of  neutral 
particle  beam  (NPB)  weapon  leathality  and  survivability. 
Previous  studies  of  proton-induced  SEU  in  CMOS/SOS 
RAMs  have  been  confined  to  exposure  of  RAMs  up  to 
1  K-bit  size  at  cyclotrons  using  relatively  low  fluxes’.  No 
upset  had  been  observed  up  to  total  fluences  of  10*  p/cnP; 
the  upset  cross-section  was  placed  at  less  than  10-'*  cmV 
bit  and  it  was  generally  assumed  that  proton-induced 
SEU  in  SOS  could  not  occur  or  would  be  of  insignificant 
probability.  However,  with  a  larger  RAM  (e.g.,  16  K-bit) 
and  a  more  total  dose  tolerant  technology  it  is  possible 
to  measure  the  proton-induced  upset  cross-section  in 
CMOS/SOS  at  levels  as  low  as  lO"’*  cmVbit.  Such  a  low 
upset  cross-section  is  not  insignificant  for  some 
applications. 

This  paper  reports  a  study  of  proton-induced  upset  in 
16  K  CMOS/SOS  RAMs.  Commercial  technologies  from 
both  RCA  and  Marconi  were  studied  in  experiments  at 
the  200  McV  proton  Linac  at  the  Radiation  Effects  Facility 
(REF)  at  Brookhaven  National  Laboratory  (BNL)  and  at 
the  Harvard  Cyclotron  Laboratory  (HCL).  The  initial 


emphasis  of  the  study  was  to  experimentally  verify  model¬ 
ing  predictions  that  multiple  event  upset  (MEU)  should 
not  occur  in  the  RAMs.  HcweNcr,  after  SEU  was  observed 
in  the  proton  Linac  testing,  a  careful  set  of  experiments 
and  analyses  were  performed  to  isolate  the  upset 
mechanism.  While  the  emphasis  was  on  upset,  the 
associated  total  dose  associated  acquirai  during  the 
measurements  was  considered  in  the  data  analyses. 

lest  data  was  also  obtained  on  several  types  of  non-SOS 
16  K  RAMs  including  unhardened  (build  and  hardened 
(epitaxial)  versions  of  the  IDr6116  and  the  hardened  (epitax¬ 
ial  and  feedback  resistors)  version  of  the  Harris  65C262. 

UPSET  MECHANISMS 

Upset  in  RAMs  is  due  to  dose  rate  effects  which  generate 
non-equilibrium  carrier  concentration,  leading  voltage 
disturbances  and  bit-flips.  Upset  mechanisr  :an  ^ 
generally  divided  into  global  dose  rate  upset  and  local 
dose  rate  upset.  Global  dose  rate  upset  occurs  when 
a  relatively  uniform  dose  rate  across  the  chip  exceeds 
the  upset  threshold  for  most  memory  cells  or  initiates 
a  disturbance  on  a  common  input;  this  is  the  usual  upset 
effect  encountered  in  the  prompt  ionization  from  nuclear 
weapons.  Global  dose  rate  upset  is  indicated  by  large 
numbers  of  bit  errors  with  comntonality  to  rows  and 
columns.  Local  dose  rate  upset  is  indicated  by  single, 
or  relatively  few,  isolated  bit  errors.  Possible  causes  for 
this  type  of  upset  can  be  postulated  as  either  "weak" 
memory  cells  for  which  a  uniform  dose  rate  across  the 
chip  exceeds  the  upset  threshold  for  a  few  cells,  or  a 
locally  non-uniform  dose  rate  at  an  isolated  cell.  For 
the  latter  case  in  a  proton  beam,  the  possibilities  that 
can  be  considered  are  non-uniform  ionization  due  to 
multiple  particle  effects  (i.e.,  the  multiple  event  upset 
or  MEU  effect)  or  localized  ionization  due  to  a  recoil 
from  proton-induced  nuclear  reactions  in  the  chip. 

Global  dose  rate  upset  was  not  observed  in  any  of 
the  16  K  CMOS/SOS  RAMs  tested.  This  is  not  surprising 
since  the  upset  threshold  for  SOS  is  usually  greater  than 
lO'*  rad/s  and  the  peak  dose  rate  during  our  experiment 
was  mid  10*  radA.  However,  SEU  was  cfosened.  The  "weak" 
ceil  postulate  was  eliminated  by  observing  that  upset 
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locations  were  random  and  non-repetitive.  The  thrust  of 
the  experiments  and  analyses  was  then  to  isolate  the 
mechanism  to  either  MEU  or  to  nuclear-reaction-induced 
SEU  (NRSEU). 

The  MEU  mechanism  relates  to  the  fact  that  at  relatively 
low  fluxes,  there  is  a  statistical  probability  that  multiple 
particles  will  penetrate  a  sensitive  ruxfe  in  a  device  within 
a  time  period  that  is  comparable  to  the  time  required 
for  the  node  to  recover.  The  charge  deposited  by  two 
or  more  protons  is  then  integrated  artd  is  indistinguishable 
from  the  charge  deposited  a  heavier  ion.  If  the  differen¬ 
tial  between  the  instantaneous  charge  deposition  on  the 
two  nodes  of  a  bistable  latch  become  sufficiently  large, 
a  bit  flip  may  occur.  MEU  from  a  NPB  weapon  is  analogous 
to  SEU  from  the  natural  environment,  but  there  are  impor¬ 
tant  differences.  The  relatively  high  flux  required  for  a 
significant  probability  of  multiple  particles  traversing  a 
nodal  collection  region  within  the  circuit  integration  time 
causes  concurrent  ionization  in  all  devices  in  the  circuit. 
NPB  pulses  which  are  long  compared  to  the  nodal  inte¬ 
gration  times  in  a  circuit  result  in  a  steady-state  background 
ionization  that  generates  photocurrents  at  PN  junctions 
and  causes  photoconduction  in  both  the  semiconductors 
and  the  insulators.  These  synergistic  dose  rate  effects  may 
affect  the  critical  charge  for  upset  of  the  circuit.  Statistics 
dictate  that  occasionally  a  particular  collection  region 
will  be  penetrated  by  multiple  particles  above  the 
background  rate  (the  average  particle  hit  rate  to  all  the 
collection  regions  within  the  circuit)  within  the  integra¬ 
tion  time.  If  the  multiple  particles  generate  the  critical 
charge  of  the  circuit,  as  modified  by  the  background 
ionization,  the  circuit  will  upset;  if  the  flux  is  less  than 
that  which  leads  to  upsets  induced  by  dose  rate  effects, 
this  is  the  MEU  effect.  At  sufficiently  high  fluxes,  dose 
rate  effects  will  dominate  the  circuit  failure  mechanisms. 
At  sufficiently  high  fluences,  total  dose,  nuclear-reaction- 
induced  SEU  or  displacement  effects  will  dominate.  Thus, 
MEU  effects  need  to  be  considered  only  up  to  the  flux 
or  fluence  at  which  other  effects  dominate. 

The  MEU  effect  in  CMOS/SOS  was  analyzed  in  detail 
in  Reference  2,  with  consideration  for  the  synergistic  ef¬ 
fects  discussed  above.  The  results  of  this  analysis  showed 
that  it  is  not  a  viable  mechanism,  since  the  large  differen¬ 
tial  in  the  particle  traversal  through  the  two  sides  of  the 
memory  cell  could  not  be  achie^  before  global  dose 
rate  upset  levels  were  reached.  The  MEU  model  indicates 
a  strong  dose  rate  dependence  of  MEU  probability,  with 
a  super-linear  dependence  of  probability  of  MEU  witi. 
increasing  dose  rate. 

Nuclear-reaction-induced  upset  from  protons  is  a  well 
established  phenomenon.  For  a  typical  traversal  length 
of  the  active  region  of  a  micro-electronic  device,  approx¬ 
imately  1  to  10*  protons  can  be  expected  to  undergo 
a  nuclear  reaction  with  the  Si.  The  excited  nucleus  then 
emits  other  particles  and  recoils.  The  net  effect  is  to  transfer 
energy  from  a  low  linear  energy  transfer  (LET)  proton 
to  a  high  LET  particle.  An  SEU  can  occur  if  the  reaction 
occurs  sufficiently  close  to  the  sensitive  charge  collection 


volume  and  the  recoiling  heavy  particle  traverses  suffi¬ 
cient  path  length  in  the  sensitive  volume.  Nuclear-reactiorv 
induced  SEU  depertdson  independent  reactions  between 
a  single  proton  and  a  Si  nucleus;  consequently,  the  pro¬ 
bability  for  NRSEU  is  independent  of  dose  rate,  in  contrast 
to  the  probability  for  MEU  which  has  a  strong  dose  rate 
dependence.  NRSEU  had  not  been  previously  observed 
in  CMOS/SOS  technologies. 


EXPERIMENTAL  MEASUREMENTS 

Measurement  of  NRSEU  or  MEU  in  SOS  device  presents 
a  challenging  experimental  problem  since  these  are  very 
low  probability  phenomena.  The  high  fluence  that  may 
be  n^ed  for  statistically  significant  observation  of  NRSEU 
may  cause  total  dose  damage  to  the  chip  and  care  must 
be  taken  to  ensure  that  the  synergism  of  the  total  dose 
damage  does  not  affect  the  results.  The  high  flux  that 
would  be  required  for  MEU  may  be  just  below  the  threshold 
for  global  dose  rate  upset  and  the  synergism  of  the  global 
dose  rate  ionization  may  affect  the  critical  charge  and 
change  the  NRSEU  probability. 

Total  dose  hardened  16  K  CMOS/SOS  RAMs  provide 
a  good  test  vehicle  for  these  effects,  since  they  have  a 
high  dose  rate  upset  threshold,  and  provided  they  have 
sufficient  total  dose  hardness,  the  large  number  of  memory 
cells  allow  low  probability  events  such  as  NRSEU  to  be 
detected.  For  these  tests,  commercial  versions  ^  16  K 
CMOS/SOS  RAMs  from  RCA  (RCA-6167)  and  Marconi 
(MA4116)  were  measured.  The  RCA-6167  has  a  5-transistor 
memory  cell,  while  the  MA-6116  utilizes  a  6-transistor 
cell  design.  The  RCA  device  was  stated  to  be  total  dose 
hard  to  approximately  2(X)  krad(Si)  and  the  Marconi  device 
to  approximately  50  krad(Si). 

The  tests  were  performed  primarily  at  the  proton  Linac 
at  the  Radiation  Effects  Facility  (REF)  at  Brookhaven  Na¬ 
tional  Laboratory  (BNL),  with  some  low  dose  rate  testing 
performed  at  the  Harvard  Cyclotron  Laboratory  (HCL). 
The  REF  tests  utilized  proton  energies  at  190  MeV  and 
pulse  widths  from  2  to  300  ^s.  The  cyclotron  tests  utilized 
a  continuous  beam  with  proton  energies  at  40,  90,  and 
149  M^.  The  experiments  at  the  two  facilities  provided 
a  span  in  the  average  dose  rates  from  10*  to  10*  radA. 


TEST  APPROACH 

The  experiments  consisted  of  measurements  of  the  static 
RAMs  after  exposure  to  a  known  fluence  of  protons  from 
the  accelerator  (either  the  proton  Linac  at  BNL  or  the 
proton  cyclotron  at  HCL).  All  exposures  were  made  in 
air  with  the  package  lid  in  place.  The  approach  was 
to  write  a  pattern  into  memory,  expose  it  to  a  known 
fluence  of  protons,  and  then  read  the  memory  and  com¬ 
pare  to  the  written  pattern.  Any  discrepancy  was  counted 
as  a  bit  error  and  the  location  in  memory  was  noted. 
Functionality  was  verified  by  writing  and  reading  the  com¬ 
plement  of  the  previous  pattern,  and  then  the  exposure 
sequence  was  continued.  The  electrical  test  setup  is  shown 
schematically  in  Figure  1. 
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Figure  1.  Electrical  test  set-up. 


The  devices  were  located  in  the  exposure  room  and 
interfaced  to  an  IBM  PC  in  the  instrumentation  room 
through  a  DUT  Unit,  a  Control  Interface  Unit,  and  approx¬ 
imately  60  feet  of  cable.  A  detailed  description  of  the 
electrical  test  apparatus  and  measurement  approach  is 
given  in  Reference  3.  The  measurements  were  performed 
primarily  with  V^d  -  5  V,  although  some  data  was  ob¬ 
tained  with  8  V. 


Figure  2.  Proton  Linac  test  set-up. 


The  setup  in  the  proton  Linac  exposure  room  is  illus¬ 
trated  in  Figure  2.  Upon  exiting  the  Linac  drift  tube, 
the  beam  was  passed  through  a  carbon  diffuser  and  a 
one-inch  diameter  aluminum  collimator.  A  current  probe 
was  used  to  integrate  the  charge  in  the  beam  pulse.  A 
PIN  diode  was  placed  directly  behind  the  device  under 
test  (DUT)  arnl  was  used  for  real  time  monitoring  of  dose 
rate  and  pulse  width.  Aluminum  activation  foils  were 
located  directly  in  front  of  the  device  for  each  major 
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set  of  exposures.  A  second  foil  was  located  at  the  exit 
of  the  shielding  collimator  hole  for  some  runs  to  check 
on  uniformity.  The  fluence  unifonnity  across  the  DUT 
was  estimated  at  10  percent  and  the  accuracy  of  the 
fluence  calculation  from  the  activation  foils  was  5  percent*. 
The  carbon  diffuser  reduced  the  200  MeV  proton  beam 
to  190  M^  at  the  DUT.  The  Linac  was  operated  in  the 
single  pulse  mode  with  several  seconds  between  pulses. 

The  test  setup  at  HCL  consisted  of  locating  the  DUT 
at  a  calibrated  position  and  exposing  it  to  the  continuously 
pulsing  beam  for  a  measured  time  period,  lypical  run 
times  were  10  to  20  minutes.  The  fluence  at  the  DUT 
was  determined  by  integrated  current  monitor  counts  pro¬ 
vided  by  the  facility.*  The  Harvard  Cyclotron  is  a  very 
stable  machine  with  well  calibrated  dosimetry.  The  cur¬ 
rent  probe  calibration  was  performed  by  the  focility  using 
both  a  Faraday  cup  and  an  integrated  Si  diode  current 
response.  The  calibration  was  determined  at  the  three 
energies  for  which  data  was  taken  — 149, 90  and  40  MeV. 


Figure  3.  Parameters  associated  with  dose  rate  calculation. 
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DOSIMETRY 

The  primary  dosimetry  data  was  the  proton  lluence 
(p/cm*).  If  the  energy  is  known,  the  average  dose  can 
be  calculated.  The  dose  rate  calculation  requires  con¬ 
sideration  for  the  microstructure  associated  with  the  accel¬ 
erator  beam.  The  protons  in  the  beam  from  both  the 
Linac  and  Cyclotron  do  not  arrive  in  continuous  fashion, 
but  rather,  are  bunched  into  micropulses.  Figure  3  illus¬ 
trates  the  parameters  associated  with  the  dose  rate  calcula¬ 
tion.  During  a  beam  pulse,  the  protons  are  allowed  to 
strike  the  target  for  a  period  of  time  equal  to  the  pulse 
width.  An  average  dose  rate  (or  flux)  during  the  pulse 
can  be  defined  by 


where 


D  -  the  integrated  dose  (or  fluence)  during  the  pulse, 
and 

PW  -  is  the  pulse  width. 


The  peak  dose  rate  (or  flux)  occurs  during  the  micropulses 
and  can  be  determined  by 


-  'w' 


where 


T  «•  the  period  for  the  micropulse 
W  -  the  full  width  at  half  maximum  for  the  micropulses. 

Table  1  lists  the  pertinent  values  for  dose  rate  calculations 
for  the  proton  Linac  and  the  Harvard  Cyclotron,  based 
on  beam  microstructures  parameters  provided  by  the 
facilites.^'* 


Table  1. 

Dose  Rate  Calculation  Parameters. 


Test 

PW(ps) 

T(ns) 

W(ns) 

Proton  Linac 

2-300 

5 

1.67 

3 

Harvard  Cyclotron 

200 

40 

7 

5.7 

The  maximum  dose  rate  calculation  results  in  Table  1 
assume  that  the  micropulses  are  all  of  equal  amplitude. 
However,  a  detailed  study  indicated  that  this  is  not  the 
case  at  the  proton  Linac,  as  discussed  in  the  following. 

LINAC  MICROSTRUCTURE 

In  order  to  evaluate  mechanisms  causing  upsets,  beam 
microstructure  characteristics  must  be  understood.  It  is 
imperative  that  maximum  dose  rates  encountered  during 
beam  testing  be  quantified  at  the  microstructural  level 
to  be  able  to  assess  the  potential  for  dose  rate  upset 
(global  or  "weak"  memory  cell)  during  each  exposure. 

The  microstructure  of  the  beam  is  determined  by 
characteristics  of  the  ion  source  and  RF  field.  The  basic 
beam  structure  at  the  source  is  a  series  of  320  ps  proton 
bunches  with  a  spacing  of  5  ns.  Analysis  by  BNL  person¬ 


nel  predicted  that  the  full-width  half-maximum  (FWHM) 
pulse  widths  at  the  device  under  lest  would  spread  lu 
1.7  ns  as  a  result  of  momentum  distribution  and  time 
of  flight  through  the  approximately  one-half  mile  travel 
through  the  beam  vacuum  line  to  the  exposure  cell.  Up 
to  the  time  of  these  tests,  the  proton  Linac  beam 
characteristics  had  not  been  measured  in  real  time.  To 
accomplish  these  measurements,  a  Unitrode  9441  PIN 
diode  was  used  as  an  ionization  detector. 

A  wide  bandwidth  data  capture  and  recording  capability 
is  necessary  to  view  beam  characteristics:  an  oscilloscope 
rise  time  of  less  than  350  ps,  or  an  equivalent  bandwidth 
of  greater  than  1  GHz,  is  n^ed.  Since  beam  durations 
in  the  hundreds  of  microsecorKis  do  not  allow  sampling 
techniques  to  be  used,  a  single  shot  mode  of  data  capture 
is  required.  The  use  of  a  Tektronix  7104  oscilloscope, 
7A29  pre-amp,  and  7B10  time  base,  in  addition  to  a  DCS01 
digitizing  camera  system  provided  the  1  GHz  bandwidth 
arid  recording  capability  for  the  measurements  to  be  ac¬ 
complished.  This  combination  of  instrumentation  wa 
the  widest  bandwidth  available  at  the  time  of  the  test. 
While  somewhat  limiting  the  recording  fidelity  of 
wa^forms  encountered,  the  equipment  was  suitable  for 
viewing  the  beam  parameters  important  for  upset  testing 
and  analysis. 

Figures  4  through  6  reveal  beam  characteristics.  These 
figures  were  recorded  with  constant  baseline  settings  and 
vertical  calibration.  Figure  4  shows  the  basic  beam 
microstructure  of  2  ns  pulse  (FWHM)  with  5  ns  spacing. 
These  pulse  widths  are  in  good  agreement  with  BNL 
predictions.  Figure  5  shows  the  maximum  pulse  width 
of  300  ps.  The  enlarged  waveform  shown  in  Figure  6, 
which  was  captured  by  the  DCSOl  at  200  ns  per  division, 
is  useful  for  examining  structural  detail. 

The  conclusion  that  can  be  reached  from  examination 
of  the  data  is  that  the  average  peak  dose  rate  during 
the  300  p  s  pulse  is  one  division  of  the  PI  N  diode  response. 
The  photos  also  reveal  that  the  typical  structure  consists 
of  a  series  of  pulses  with  amplitude  of  one  large  division 
with  occasional  peaks  of  greater  amplitude.  The  max- 
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Figure  5.  Linac  micropulse  variation  during  300  microsecond 
pulse  width. 


ANALYSIS  APPROACH 

Detailed  analyses  were  performed  on  the  RCA  6167 
memory  cell  to  determine  the  critical  charge  for  upset 
and  to  predict  MEU  and  NRSEU  eff^s  in  the  high  flux 
proton  beam  environment  at  the  REF  proton  Linac. 

Circuit  Analysis 

The  RCA  6167  16  K  static  RAM  is  based  on  3  micron 
CMOS/SOS  technology.  The  memory  is  designed  using 
memory  cells  with  five  transistors,  an  internal  voltage 
multiplier,  and  a  pre-charge  of  bit  lines  and  sense  amplifiers. 
The  processing  approach  results  in  buried  contact  diodes 
located  at  the  drains  of  transistors  of  PI  and  P2  as  shown 
in  Figure  7.  As  a  result,  a  PI  or  P2  ion  hit  is  relatively 
insensitive  to  SEU  because  the  diodes  act  as  large  non¬ 
linear  resistors  during  the  ion  charge  collection  transient, 
effectively  decoupling  the  inverter  nodes.* 


BIT 

LINE 


Figure  7.  RCA  5-transi$tor  memory  cell  circuit. 


Figure  6.  Linac  beam  microstructure  at  200  nanosecond/ 
division. 

imum  dose  rate  per  microstructure  pulse  found  in  these 
occasional  anomalously  large  peaks  captured  in  the  photos 
is  at  least  4  divisions.  Activation  foils  were  used  for 
dosimetry  during  these  tests.  Such  dosimetry  integrates 
the  dose  over  the  total  beam  pulse  width.  If  a  rectangular 
approximation  is  used  to  represent  the  average  dose  rate 
during  the  beam  interval,  the  ratio  of  peak-to-average 
dose  rates  is  2.86.  This  figure  is  derived  by  approximating 
the  typical  beam  structure  as  a  series  of  triangular  pulses 
with  base  widths  of  3.5  ns  and  whose  peaks  occur  at 
5  ns  intervals.  The  ratio  is  determined  by  equating  these 
triangular  areas  to  rectangles  of  5  ns  width,  thus,  creating 
a  dc  level  representing  the  foil  integration.  The  maximum 
peak-to-average  dose  rate  per  pulse  is  then  the  product 
of  the  ratios  of  2.76  x  4  which  is  114.  This  compares 
to  a  nominal  peak-to-average  dose  rate  ratio  of  about 
3,  based  on  the  theoretical  beam  parameters  provided 
by  the  facility,  assuming  constant  amplitude  micropulses. 


A  modular  version  of  SPICE  (SPICE-PAK)  was  used  to 
analyze  the  memory  cell  circuit  for  critical  charge.  The 
code  was  modified  to  automatically  search  for  the  critical 
charge,  Qc,  needed  to  upset  a  memory  cell  and  the 
synergistic  effects  of  the  proton  beam  were  included. 

The  principal  difference  between  analysis  for  critical 
charge  in  a  proton  beam  environment  (as  in  a  NPB  weapon) 
and  a  heavy  ion  environment  (as  in  natural  environment 
SEU)  is  that  the  entire  circuit  is  ionized  in  the  former, 
while  only  a  single  PN  junction  has  the  effects  of  ioniza¬ 
tion  in  the  latter.  The  synergistic  effects  due  to  concurrent 
ionization  in  all  PN  junctions  and  all  insulators  must 
be  considered  in  calculating  critical  charge.  These  effects 
include  junction  photocurrent,  substrate  photoconduc¬ 
tivity,  gate  oxide  photoconductivity  and  totaMose-induced 
shift  of  circuit  parameters  (threshold  voltage  shift  and 
leakage  currents).  The  proton  beam  irradiation  has  pulse 
widths  on  the  order  of  several  microseconds  compared 
to  the  CMOS  circuit  time  constant  (i.e.,  the  time  required 
for  a  circuit  node  to  recover  after  being  disturb^  by 
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a  voltage  transient)  on  the  order  of  nanoseconds.  Therefore, 
the  particle  flux  from  the  proton  beam  can  he  treatrKl 
as  steady-state  background  ionization. 
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Figure  8.  SPICE  model  for  MEU  analysis. 
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The  simulation  circuit  used  to  determine  the  critical 
charge  for  upset  is  shown  in  Figure  8.  The  analysis  was 
performed  by  applying  a  current  pulse  to  node  "L", 
simulating  an  ion  hit  or  a  multiple  proton  differential 
hit  to  N2.  The  current  pulse  amplitude  was  varied  to 
find  the  threshold.  The  calculation  was  performed  as  a 
function  of  proton  flux  with  an  effective  average  background 
ionization  rate  determined  for  each  flux  level.  The  assumed 
proton  energy  was  100  MeV,  which  gives  results  represen¬ 
tative  of  the  energy  range  (40-190  MeV)  over  which  testing 
was  performed. 


The  current  generators  in  parallel  with  the  drain  iurtc- 
tions  simulate  steady-state  (during  the  wide  proton  pulse) 
photocurrent  generated  by  the  ionization.  The  collection 
volume  was  assumed  to  be  the  silicon  under  the  gate 
and  photocurrent  was  calculated  from  the  generation  rate, 
6.4  A/cmMrad/s).  The  resistors  R,  between  the  drain  and 
source  of  the  transistors  represent  sapphire  photoconduc¬ 
tion  due  to  the  background  ionization.  A  sapphire 
photoconduction  model  based  on  Reference  7  was  used. 
The  resistors  Ro  represent  ionization-induced  conduc¬ 
tivity  through  the  gate  oxide.  Analysis  showed  that  this 
effect  was  negligible  for  the  dose  rates  analyzed. 

The  results  of  the  SPICE  analyses  for  a  hit  to  N2  and 
worst<ase  assumptions  for  end-crf-range  protons  are  given 
in  Figure  9  where  the  node  voltage  and  the  critical  charge 
are  plott^  as  a  function  of  proton  flux.  The  analysis 
shows  a  Qc  of  250  fC  without  the  background  ionization 
from  the  proton  flux  with  a  significant  decrease  beginning 
above  10*o  rad/s.  At  these  dose  rates,  global  dose  rate 
upset  mechanisms  begin  to  dominate.  Consequently,  the 
analysis  shows  that  for  this  device  and  for  the  proton 
energies  and  dose  rates  used  in  the  testing,  the  synergistic 
effects  of  the  proton  beam  on  are  not  important. 

The  key  effect  which  determines  MEU  is  the  coincident 
(within  the  circuit  integration  time)  arrival  at  a  junction 
of  a  sufficient  number  of  particles  to  generate  the  critical 
charge.  The  required  number  of  coincident  particles  is 
determined  by  the  ratio  of  the  charge  generation  per 
particle  and  the  critical  charge.  The  charge  deposition 
per  particle  depends  on  path  length  through  the  collec¬ 
tion  region  and  the  LET  of  the  particle,  which  is  energy 
dependent.  Near  the  end  of  the  particle  range,  LET  goes 
through  a  maximum  of  approximately  0.1  MeV/micron; 
for  protons  in  silicon,  this  occurs  at  less  than  100  keV. 
However,  due  to  the  statistical  variation  in  the  proton 
range  (straggling),  there  is  no  significant  probability  of 
multiple  protons  coincidently  arriving  at  a  thin  collection 
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Figure  9.  Node  voltage  and  critical  charge  versus  flux  for  RCA- 
transistor  CMOS/SOS  cell  (N2  hit,  end  of  range 
protons).  7 
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volume  with  the  same  energy.  The  net  effect  of  the  range 
straggling  is  to  reduce  the  maximum  average  LET  for 
a  proton  beam  near  the  end  of  range  to  about  OlOI 
M^/micron.  For  the  end-of-range  case,  approximately 
190  coincident  proton  hits  would  be  required  to  generate 
die  critical  charge.  For  the  proton  tests  at  the  Linac  and 
cyclotron,  energies  in  the  range  from  40  to  190  MeV 
were  used;  for  this  case  the  appli^le  LET  is  approximately 
0l0014  M^Anicron  and  the  analysis  shows  ^t  approx¬ 
imately  1,500  coincident  proton  hits  would  be  required 
for  up^. 

The  MEU  effea  depends  on  integrating  the  charge  gener¬ 
ation  from  multiple  particles  whi^  strite  a  junction  coin- 
cidently  within  the  circuit  integration  time  The  memory 
cell  integration  time  was  estimated  by  calculating  the 
critical  charge  as  a  function  of  pulse  width.  As  the  pulse 
becomes  wider  and  exceeds  the  integration  time,  the 
apparent  (total  charge  in  the  pulse)  increases  bet^use 
significant  recovery  occurs  during  the  pulse  as  charge 
is  restored  through  the  associate  "on"  transistor.  For 
narrow  pulses,  Qc  is  independent  of  pulse  width.  From 
these  data,  it  was  determined  that  the  integration  time 
is  on  the  order  of  1  ns  for  the  SOS  memory  ceil  circuits. 

Given  the  projected  area  of  the  charge  collection  region 
in  the  direction  of  the  beam  and  the  circuit  integration 
time,  the  probability  of  getting  the  required  number  of 
coincident  particles  for  upset  can  be  re^ily  determined, 
since  the  events  obey  discrete  Poisson  statistics.  The 
statistical  analysis  sho^  that,  due  to  the  required  large 
number  of  coincident  hits,  the  probability  of  MEU  for 
the  CMOS^S  device  is  insignificantly  small  for  the  exper¬ 
imental  case,  even  for  the  end-of-range  case  where  the 
LET  is  at  a  maximum. 

NRSEU  Analysis 

The  CUPIO  codes  were  used  to  simulate  proton-induced 
nuclear  reaction  SEU,  based  on  the  calculated  critical 
charge  of  250  fC.  The  Monte-Carlo-based  CUPIO  codes 
simulate  nuclear  reactions  that  occur  at  random  positions 
in  a  larger  surround  volume  and  keep  track  of  energy 
deposition  within  a  smaller  sensitive  volume  embedd^ 
in  die  surround  volume.  The  geometry  is  illustrated  in 
Figure  10.  The  type  of  reaction  and  the  identities  and 
energies  of  the  secondary  particles  emitted  are  the  conse¬ 
quences  of  simulated  events  occurring  during  the  cascade 
and  evaporation  stages  of  the  nuclear  reaction.*-*  The 
resulting  residual  nuclear  fragment  is  the  most  important 
secondary  as  far  as  SEUs  are  concerned,  its  charge  and 
mass  are  determined  by  the  secondaries  emitted  in  the 
reaction,  with  the  kinetic  energy  being  determined  by 
kinematics. 

The  sensitive  volume  is  a  mathematical  artifice  whose 
dimensions  are  chosen  so  that  the  charge  generated  in 
the  sensitive  volume  equals  the  charge  collected  at  the 
actual  junction.  For  this  case,  the  lateral  dimensions  were 
determined  by  the  gate  area  and  the  thickness  was  deter¬ 
mined  by  the  silicon  epitaxial  thickness. 

The  larger  surround  volume  is  assumed  to  extend  4 
microns  beyond  the  sensitive  volume  on  all  sides.  The 


Figure  10.  Geometry  for  Monte  Carlo  simulation. 


contribution  from  secondary  particles  emitted  from  nuclear 
reactions  located  more  than  4  microns  from  the  sensitive 
volume  is  relatively  small  for  upsets  requiring  a  significant 
critical  charge.  This  results  from  the  r^uc^  probability 
of  the  residual  nuclear  fragment  traversing  the  sensitive 
volume  from  large  distances  and  the  faa  that  it  would 
arrive  at  the  sensitive  volume  after  having  lost  a  con¬ 
siderable  fraction  of  its  kinetic  energy.  For  this  analysis, 
the  configurations  used  were  a  3  x  45  x  (X5  micron* 
volume,  representative  of  the  charge  collection  volume 
in  a  sin^e  N-channel  transistor  of  the  memory  cell.  There 
are  16384  sensitive  volumes  on  the  chip.  A  5  x  5  x  5 
micron*  volume,  typical  of  the  collectirxi  volume  in  a 
bulk  device,  is  also  analyzed  for  comparison.  In  both 
cases,  the  sensitive  volume  was  centered  in  the  larger 
surrounding  volume  extended  by  4  microns  on  each  side 
to  represent  the  material  in  the  substrate  or  ovetiayer. 
The  analysis  was  performed  for  proton  energies  in  the 
range  from  36  to  200  McV. 

The  calculated  results  for  200  MeV  protons  are  given 
in  Figure  11  for  the  505  volume  and  Figure  12  for  the 
typical  bulk  volume.  The  ordinate  represents  the  cross 
section  per  bit  for  events  in  which  die  charge  generated 
in  the  sensitive  volume  exceeds  the  value  given  by  the 
abscissa.  Charge  is  converted  from  energy  at  3.6  ^/carrier 
pair.  The  analysis  was  run  until  a  statistically  significant 
number  of  events  were  recorded  at  the  calculated 
of  250  fC.  Figure  11  shows  an  SEU  cross  section  of  approx¬ 
imately  10"**  cm*  at  Qc  -  250  fC.  There  is  a  sharp 
decline  for  higher  Qc  as  the  required  energy  deposition 
in  the  thin  epitaxial  silicon  layer  begins  to  esteced  that 
available  from  the  secondary  particles.  For  the  comparatiie 
bulk  case  shown  in  Figure  12,  the  effect  of  the  larger 
volume  can  be  seen  with  a  cross  section  of  approximately 
10-'»  cm*  at  Qc  -  250  fC. 

The  effect  of  proton  energy  on  the  upset  cross  sectio- 
for  Qc  -  250  fC  is  shown  in  Figure  13  for  die  thin  and 
thick  volumes.  The  shapes  of  the  two  curves  are  quite 
different.  There  is  a  large  drop  in  the  cross  section,  as 
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Figure  11.  Integral  upset  cross-section  versus  critical  charge 
for  3x45x05  micrort*  volume. 


Figure  12:  Integral  upset  cross-section  versus  critical  charge 
for  5x5x5  micron*  volume 

proton  energy  decreases,  for  the  thick  volume  that  is 
absent  for  the  thin  volume. 

An  unusual  feature  of  the  data  is  the  fact  that  the  thick 
and  thin  cross  sections  differ  by  less  than  a  fector  of 
two  at  36  MeV  despite  the  tenfold  difference  in  thickness. 
(For  the  40  MeV  proton  beam,  the  energy  loss  in  the 
package  lid  resultcid  in  an  energy  of  36  MeV  at  the  chip.) 
The  efto  was  examined  further  by  repeating  the  36  MeV 
simulations  for  both  volumes  with  no  surround.  The  in¬ 
tegral  cross  section  versus  energy  deposition  spectra  are 
compared  in  Figure  14.  Here  the  ratio  of  the  total  number 
of  events  should  go  as  the  ratio  of  the  volumes,  as  it 
does.  It  is  much  easier  to  deposit  larger  energies  in  larger 
volumes  and  Figure  14  shows  the  curves  diverge  quickly 


Figure  13.  Calculated  upset  cross-section  versus  proton  energy. 
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Figure  14.  Cross-section  versus  energy  deposited  by  nuclear 
recoil  alone  compared  to  total  ettergy  deposited 
(for  no  surround  material)  for  36  MiV  proton. 

as  expected.  The  results  suggest  that  all  of  the  large  energy 
events  initiate  outside  the  sensitive  volume.  The  integral 
cross  section  versus  the  energy  deposited  by  the  nuclear 
recoil  atone  in  the  larger  volume  is  plotted  as  squares 
in  Figure  14  for  comparison  with  the  integral  cross  section 
versus  the  total  energy  deposited.  Obviously,  the  recoiling 
nuclear  fragment  dominates  over  all  other  values  of  the 
energy  deposited  up  to  6.0  M^. 

RESULTS  AND  DISCUSSION 

No  upset  (SEU  or  dose  rate)  was  seen  in  the  Harris 
16  K  RAM  (65C262RH)  and  one  part  survived  a  total 
dose  of  5  X  10*  rad(Si).  This  device  has  feedback  resistors 
in  the  menwry  cell  which  raise  the  critical  charge  for 
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Figure  15.  Measured  RCA  RAM  upset  cross  section  versus 
cumulative  dose. 


upset  to  values  beyond  what  can  be  generated  by  any 
nuclear  reaction.  No  SEU  cross-section  measurements 
were  obtained  on  the  unhardened  IDT  RAMs  (IOT-6116) 
because  all  parts  either  suffered  global  dose  rate  upset 
(scrambled  memory)  or  failed  permanently.  For  the  hard¬ 
ened  IDT  RAMs  (IDT-6116RH),  both  global  dose  rate  upset 
and  SEU  was  seen.  The  SEU  cross-section  measurements 
ranged  from  1.9  x  10"*  cm*/bit  to  3.9  x  lO"’®  cnrt^/bit. 
No  dose  rate  upset  was  seen  in  either  of  the  CMOS/SOS 
16  K  RAM  types  —  the  RCA  6167  or  the  Marconi  MA-6116 
—  however,  SEU  was  seen.  The  SEU  cross-section  measure¬ 
ment  ranged  from  3  x  10~*^  cm*/bit  to  4  x  10***  cm*/bit 
for  the  13  RCA  devices  tested  and  ranged  from  5  x  lO"*^ 
cm^/bit  to  3  x  10-’*  cnV/bit  for  the  7  Marconi  devices 
tested. 

The  data  do  not  indicate  any  total  dose  enhancement 
of  the  SEU  cross-section  as  can  be  seen  by  comparing 
the  upset  cross-section  results  for  multiple  measurements 
on  13  RCA  devices  with  increasing  cumulative  dose  as 
shown  in  Figure  15.  Upsets  were  seen  at  cumulative  dose 
as  low  as  4  krad  for  the  RCA  devices  and  as  low  as 
16  krad  for  the  Marconi  devices.  These  upsets  occurred 
at  cumulative  dose  levels  well  below  the  dose  failure  levels. 
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Figure  16.  Measured  RCA  RAM  up>$et  cross  section  versus  dose 
rate. 


Having  eliminated  total  dose  effects  as  a  likely  con¬ 
tributor  to  the  observed  upsets,  the  next  issue  to  be  con¬ 
sidered  is  the  possibility  of  dose  rate  or  MEU  effects. 
This  was  approached  experimentally  by  determining  the 
upset  cross  section  as  a  function  of  dose  rate.  No  global 
upset  was  seen  in  the  CMOS/SOS  devices;  this  result 
is  consistent  with  the  reported  dose  rate  upset  level  of 
10’®  rad/s  for  the  device.  The  possibi  lity  of  "weak"  memory 
cells  was  eliminated  by  observing  that  the  same  memory 
cell  location  never  repeated  an  upset  in  subsequent  ex¬ 
posures;  the  location  of  the  SEUs  appeared  to  be  random. 

The  possibility  of  MEU  effects  was  eliminated  by  observ¬ 
ing  no  dose  rate  dependence  of  the  upset  cross  section. 
This  is  shown  in  Figure  16  for  the  RCA  devices  and  Figure 
17  for  the  Marconi  devices,  where  the  peak  dose  rate 
during  the  microstructure  is  determined  based  on  the 
nominal  parameters  from  Table  1.  For  some  anomalously 
large  micropulses,  the  peak  dose  rate  could  be  a  factor 
of  3  to  4  higher,  as  discussed  above.  The  data  are  shown 
for  multiple  measurements  on  13  RCA  devices  and  7 
Marconi  devices.  For  3  of  the  Marconi  devices,  no  upsets 
were  observed  before  failure  due  to  total  dose  effects. 
Analysis  of  the  MEU  probability  for  the  RCA  memory 
cell  indicated  that  there  should  be  a  strong  dependence 
on  dose  rate  For  example,  the  worst-case  predictions 
for  probability  of  MEU  show  a  reduction  of  approximately 
7  orders-of-magnitude  as  the  flux  is  varied  from  10’*  to 
10’®  p/cm^*.  However,  the  upset  cross-section  versus  dose 
rate  shown  in  Figure  16  shows  an  essentially  constant 
value  over  the  range  of  10’®  p/cm*-s  (6  x  10®  rad/s)  to 
5  X  10*  p/cm*-s  (3  X  10®  rad/s).  A  similar  lack  of 
dependence  of  upset  cross-section  on  dose  rate  is  shown 
in  Figure  17  for  the  Marconi  RAMs.  The  results  shown 
in  Figures  16  and  17  convincingly  demonstrate  that  the 
upsets  were  not  due  to  the  MEU  effect. 


Figurv  17.  Mc.imikiI  M.iuoiii  KAM  ti|>N(*l  cr()s^  soctiun  versus 
dose  rale. 

The  above  analysis  of  the  test  results  suggests  that  nuclear 
reaction-induced  SEU  is  the  probable  cause  of  the  observed 
upsets.  The  results  of  the  Monte  Carlo  calculation  can 
be  compared  to  the  experimental  measurement  for  the 
RCA  device.  The  SPICE  analysis  indicated  that  the  critical 
charge  for  upset  was  approximately  250  fC.  The  calcula- 
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tion  results  shown  in  Fi^jure  13  tur  nrotun  energies  ol 
36,  90  and  200  MeV,  respectively,  inriir.ilo  .in  ii(iscl  cross 
section  of  approximately  2  x  10" cm*  over  the  energy 
range  for  Qc  “  250  fC.  Only  a  slight  increase  in 
results  in  a  large  drop  in  the  upset  cross  section  as  shown 
in  Figure  11.  The  measured  data  in  Figure  16  show  an 
upset  cross  section  ranging  from  mid  lO”'*  to  mid'” 
cm*;  however,  from  the  steep  drop  off  in  the  cross  section 
with  increasing  Q^,  if  can  be  seen  that  the  modeling 
predictions  are  in  reasonable  agreement  with  the 
measurements  if  Qc  is  assumed  to  be  slightly  higher. 
For  example,  a  10  percent  increase  in  Qc  (0.275  pC) 
causes  the  predicted  cross  section  to  drop  by  more  than 
an  order-of-magnitude  to  approximately  10~'’  cm*  in 
agreement  with  the  measurements.  Considering  the  ac¬ 
curacy  to  which  the  critical  charge  can  be  calculated 
and  the  poor  statistics  in  the  experimental  data,  the  Monte 
Carlo  prediction  results  appear  to  be  consistent  with  the 
experimental  measurements. 

These  results  point  out  that  caution  should  be  exercised 
in  concluding  that  insulated  substrate  technologies  such 
as  SOS  or  SOI  are  inherently  insensitive  to  SEU  without 
taking  steps  to  increase  the  critical  charge.  For  other  device 
technologies  which  have  larger  charge  collection  volumes 
such  as  bulk  MOS  or  bipolar,  and  also  have  sufficiently 
low  critical  charges,  nuclear-reaction-induced  SEU  could 
be  an  even  more  significant  upset  mechanism. 
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ABSTRACT 

Protoa  aad  heavy  SEU  data  has  beea  obtaiaed  for 
devices  made  by  several  GaAs  MESFET  manufacturers. 
Proton  energy  dependence  and  protoa  and  heavy  ion  vptet 
cross  sectitms  are  reported.  Measurements  of  charge 
coUectkHi  from  latches  designed  vrith  various  gate  wiAhs 
show  that  charge  collection  depths  appear  deeper  than  the 
1  pm  depth  expected.  Critical  charge  does  not  scale  linearly 
with  area.  Proton  upset  aosa  sectioos  are  reduced  with 
increased  derice  width. 


iNTRODUenON 

The  (q>portunity  to  use  digital  GaAs  int^rated 
drcuits(ICs)  in  spacecraft  applications  has  improved  vastfy 
m  recent  years.  Costs  have  reduced,  yields  and  denaties  im¬ 
proved,  and  several  suppliers  are  offering  not  only  memwies, 
but  also  gate  array  and  standard  ceO  optkms.  GaAs  ICs 
provide  a  significant  reduction  m  power  dissipation  and  a 
magnitude  improvement  in  dock  qieeds  over  silictm 
devices.  GaAs  ICs  also  operate  at  ^leeds  not  yet  availdite 
with  BiCMOS  tedmdogy  derices.  Even  though  BiCMOS 
does  provide  considerate  power  savings  for  the  perfor¬ 
mance,  these  circuits  may  be  hampered  by  low  total  dose 
hardness  and  poss3>Ie  latdmp  snsceptibfy.  All  t  these 
technologies  appear  to  have  hi^  SEU  vulneratnlity  doe  to 
smaU  device  capacitances  required  for  high  performance. 

SEU  e]q)erimental  data  has  been  reported 
previous^  on  a  few  GaAs  integrated  circuits  induding,  a 
JFET  SRAM,[1,2]  E/D  MESFET  logic,[3]  and  a  HBT  shift 
register.[4]  This  work  updates  the  GaAs  SEU  database  with 
respect  to  protem,  neutron  and  heavy  ion  radiation.  This 
work  benchmarks  several  GaAs  FET  processes  and  designs 
induding  gate  arrays,  standard  cells  and  memories.  Gate 
arrays  mcorporate  a  single  gate  design  vriiich  is  modified  for 


different  logic  ftmetions  while  standard  cells  use  tfifferent 
gate  designs  for  various  logic  functions.  This  woric  also 
enmines  the  effects  of  device  width  on  critical  charge. 

Previous  work  has  shown  GaAs  SEU  sensitirity  to 
be  higher  than  initially  expected  from  dremt  amnlation45] 
Eqteriments  have  show  enhanced  charge  coDectien  aad  alto 
sensitive  areas  larger  than  device  dhneasMosjfi]  This  work 
examinetsomepossa)leexphnationstDrhi^voberri)ilityin 
GaAs  MESFET  logic. 

Parts  from  four  foundries  were  examined.  TaNe  I 
gives  a  descrqition  of  the  devices  tested.  Foundry  A  provided 
a  IK  SRAM,  standard  cefl  and  a  gate  array  dcagn;  the 
devices  are  fidriicated  in  an  enbanoemeat/deidetioo  (E/D) 

IhUe  I  -  Experimental  Devices. 


Foundry 

Technology 

Devices 

A 

MESFET 

SRAM 
gate  array 
std  cell 

B 

MESFET 

SRAM 
std  ceD 

C 

MESFET 
recess  gate 

custom/ 
std  ceO 

D 

JFET 

SRAM 

MESFET  process.  The  IK  SRAM  was  examinfid  for  proton 
energy  and  flux  dependent  upset  cross  section,  neutron  upset 
cross  section  and  heavy  ion  upset  cross  section. 
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Tabk  ni  •  Trends  showing  tmprovemena  with  o^Mcitive  fechnigwes  in  JFET  SRAMs. 


JFET 

Cell 

a 

Soft  Error  Rate 

SRAM 

Capacitance 

Improvement 

Improvement 

Design 

(fF) 

Heavy  Ion 
Estimate 

Proton 

Measured 

IMode  (p-n) 


at  Brookhaven  Nadiwal  Laboratory  Tandem  Van  de  Graaff. 
Effective  LETs  ranged  from  0.76  MeV/(mg/cm*)  to  93S 
MeV/(mg/cm^.  Laser  irradtations  were  perform^  at  the 
Naval  Research  Laboratory  with  a  600  nm  source.  An  alpha 
emitting  radioactive  source  C’Am)  at  Oemson  Univer^ 
was  used  to  determine  coUectioa  depths. 


Simulations 


rates  were  calcnlated  nsing  the  two  parameter  Bendel  model 
whenever  more  than  one  proton  energy  cross  section  could 
be  acquired,  otherwise  the  one  parawirtM'  model  was 
used410,ll]  Heavy  km  rates  were  calcnlated  from  the  upset 
cross  section  curves  with  an  estimation  of  collection  dqpth 
for  eadi  process  film  heavy  ion  error  rate  was  not  stror^ 
dependent  on  the  range  of  estimated  collection  depths).  The 
four  vendors  are  referred  as  *A*  throng  *D'  in  the  first 
column. 


The  test  chq)  mcorporating  the  various  gate  widths 
and  the  circuit  hardening  ^qiroach  was  simnlated  for  critical 
charge  using  GAASPICE.(8]  I*V  and  gate  characteristks 
from  depletion  and  enhancement  FETs  were  used  to  develop 
parameters  for  the  GAASPICE  device  model  The  apfnropri* 
ate  FETs,  enhancement  driver  widths  (30  |tm)  and  deidetkm 
loads  of  the  standard  sized  cell  were  soJed  by  a  factm  of 
two  and  three  to  model  the  60  pm  and  90  pm  gate  widths 
of  the  larger  latchs. 

CUPID  [9]  was  run  to  predict  a  critical  charge  frxmi 
the  measured  proton  upset  cross  sections.  Measurements  of 
collection  depth  were  used  as  input  with  assumptions  from 
previous  work  on  determining  the  sensitive  area.  An  integral 
charge  spectrum  is  produced  from  the  simulation  from  vdiidi 
a  critical  charge  can  be  obtained  from  a  measured  upset 
cross  section  or  visa-versa. 


Results  and  discussion 

Proton  and  heavy  ion  upset  measurement  results  are 
shown  in  Table  n.  Results  are  shown  for  61  MeV  proton 
upset  cross  section,  heavy  ion  onset  LET  and  saturated  upset 
cross  secticm  with  the  respective  calculated  soft  error  rates. 
Heavy  ion  and  proton  error  rates  were  calculated  for  a  600 
nmi  orbit  at  an  inclination  of  63*.  Heavy  ion  upset  rates  in 
this  orbit  are  about  one  half  that  of  geosynchronous.  Proton 


Figure  1  shows  the  proton  energy  dependence  on 
upset  cross  section  of  the  *A*  SRAM.  The  measured  neutron 
cross  section  is  also  plotted  on  this  pa|di.  The  observed  60 
MeV  neutron  iq»et  cross  section  is  a{q>roisimately  a  factor 
of  2  larger  than  the  60  MeV  proton  vptet  cross  section.  The 
neutron  upset  cross  section  is  consistent  with  the  general 
behavior  of  neutron  reaction  cross  sections  in  this  energy 
r^on.  The  Bendel  one  and  two  parameter  model  is  fitted 
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TWO  PARAMETER 
A  .  3t002  M»V  , 
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1  PARAMETER  FIT 

2  PARAMETER  FIT 
hEUTRON  DATA 
PROTON  DATA 


ENERGY  (M»V) 


FIfM«  L  PioioB  ud  neutioa  HpMt  cton  iBCiioai  ivemic  eiietff  for  IK 
GaAf  MESFET  SRAM.  Alio  tbown  tic  oae  sad  t«o  puameter  Beadel 
model  fits  to  the  piotoo  data. 
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f%w«  3.  PioiQo  opaet  oca  Mciioo  wim  total  doae  for  a  IK  OEJFBT 
GaAa  SRAM.  Reciiita  Crmb  naadafd  taeaMiy  aad  taro  cqiadtive  haideaiag 
techaiquea  are  thoarn. 

sections  of  n  reasdve  decoupled  E-JFET  cell  are  comparable 
to  the  upset  cross  section  measured  for  the  capacitive 
hardened  cell  incorporating  the  p>n  diode  when  the  Cerent 
iwoton  energy  upset  cross  sections  are  taken  into 
account[12,13]  It  should  be  noted  that  both  the  resistive  and 
capacitive  techniques  do  provide  improved  SEU  immunity 
but  at  a  significant  loss  of  memory  write  times  (  >  50  nS  ). 

A  standard  oeO  circuit  incorporating  latches  of  vary¬ 
ing  gate  widths  was  examined  from  foundry  D.  The  four 
latches  are  defined  as  30  pm  HD,  30  pm,  fO  pm,  and  90 
pm;  corresponding  to  a  30  pm  gate  wi^  drciut  hardened 
latch,  a  30  pm  gate  width  standard  latch,  a  60  pm  gate 
width  latch  and  a  90  pm  gate  width  latch.  The  circuit 
hardening  approach  oi  using  D-FFTs  to  decou{rie  the  uvert- 
ers  has  been  described  in  other  worL[5]  The  results  of  pro¬ 
ton  upset  cross  section,  LET  data,  CUPID  ntnnUriniK, 
SPICE  predicted  critical  charge  and  laser  irradiation  is 
shown  m  Table  IV. 


Proton  UCS  vs  Dose 
61  MeV  H*  ,  GeAs  JFET  SRAM 

UPSET  CfiOSS  SECTION  (cm^/Wt) 


1  K)  100  1000 

DOSE  (KracKGaAs)) 


appropriate  particle  range.  A  coBection  d^th  is  associated 
with  ea^  p^  in  the  energy  ^ectrum  data.  Two  energy 
peaks  were  observed  which  wouid  correspond  to  depths  of 
22  pm  and  3.4  pm.  This  dau  luggrtfi  charge  collection  by 
diffittioo  or  funneliag  can  occur  to  dqxhs  greater  than  1  pm 
wben  a  miaimum  ficU  exists  cm  tim  FET.  The  field 

in  the  unbiased  FET  is  due  to  the  built-in  gate  junction  field 
(  a  biased  FET  has  an  increased  field  due  to  a  posttive  drain 
voltage,  therefore  collected  diarge  m  the  depleted  regions  of 
the  FET  would  expected  to  be  larger  in  the  biased  case). 
These  results  show  suggest  larger  coOectioo  dqiths  that  pr¬ 
eviously  preaeated42,14]  This  is  comparable  to  a  diffu¬ 
sion  length  in  the  semi-insularing  substrate.  The  diffiisinn 
length  can  vary  widely  by  the  subtirate  and  dunnel  doping. 
The  diffiision  length  /  is  defined  in  Ecpiatioo  1,  ahereD  is 
diffiisivity,  aiul  t  is  the  carrier  lifetime.  The  depth 


/  - 

is  less  than  02  pm,  therefore  the  miycxity  of  difliisioo 
should  occur  in  the  substrate  where  D  is  approtimately  220  I 
cmVs  for  electrons  m  an  nndoped  substrate.  The  electrcm 
lifetime  in  the  substrate  is  approximate^  10  nS4l5]  This  cor¬ 
responds  to  a  (fiffuskm  len^  of  14fi  pm,  larger  than  the 
measured  ocdlectkm  depth.  If  the  coUectkm  depth 

of  2.2  pm  (correspcmdmg  to  a  direct  hit  on  the  gate-to- 
drain)  is  used  with  the  threshold  LET  of  1.5  MeV/(nig/cm*) 
this  correqmnds  to  57 S  fC,  very  dose  to  the  predicted 
SPICE  value  of  57.8  fC.  The  SPICE  simulatkm  uses  an  expo¬ 
nential  pulse  with  a  fiJl  time  of  250  ps.  by 

Hughlodc  et  aL  [3]  suggest  charge  ccdlection  occurs  within 
03  ns.  The  SPICE  simulation  shows  the  reversal  of  lo^  | 
nodes  to  occur  at  03  ns.  Approximate^  86%  of  the  charge 
has  been  collected  at  the  drain  from  the  eqKmential  shaped 
pulse  at  03  ns.  Settling  of  the  logjc  leveb  occurs  at  approxi¬ 
mately  2  to  3  ns.  These  results  do  suggest  charge  coDectioo 
may  be  deeper  than  previously  mqiected. 


The  standard  cell  part  was  examined  under  alpha  The  calculated  upset  parameters  of  this  device  are 

partides  to  calculate  charge  collection  depth.  Each  collection  presented  in  Table  IV.  The  mcrease  in  of  critical  charge  vrith 
event  corresponds  to  a  specific  partide  energy  and  thus  an  gate  width  is  shown  by  four  methods  in  the  table.  SPICE 

emulations  were  used  to  determine  a  critical  charge  from 
circuit  parameters.  A  critical  charge  was  produced  from 
CUPID  simulations  using  the  measured  proton  upset  aoss 
sections.  Specifications  for  the  coUection  volumes  are  shown 
in  Figure  4.  Onset  LET  was  measured  from  heavy  ion 
experiments.  Laser-mduced  charge  coDection  measurements 
are  shown  normalized  in  the  fourth  column  under  calculated 
critical  charge  in  Table  IV.  The  measured  proton  upset  cross 
sections  are  shown  in  TaUe  TV  with  aoss  sections  predated 
X  from  CUPID  using  SPICE  calculated  critical  charges  as  in- 

puts(values  are  m  parenthetis  m  TaUe  TV).  Figure  5  shows 
MESFET  Collection  Volumes  the  trend  of  critical  charge  with  width. 

Flfn*  4.  Tbe  teittitive  cliai|e  ooilection  voimnei  wed  is  the  CUPID 
nmutatioos  for  tbe  vuied  GaAs  MESFET  gete  widUi  Utcbes. 
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Abstract 

The  SEU  susceptibility  of  miciochips  induced  by 
neutrons  and  protons  has  been  examin^  on  both 
experimental  and  theoretical  grounds.  Experimental  energy 
deposition  spectra  in  surface  barrier  detecton  by  14  MeV 
neutrons  are  compared  against  theoretical  predktioos  based 
on  considering  individual  neutron  reactions  and  using 
ENDF-V  cross  sections.  These  results  are  compared  with 
recent  SEU  measurements  on  3  RAM  devices  made 
sqjarately  with  67  MeV  neutrons  and  protons. 

Introduction 

Single  event  upsets  (SEUs)  in  microchip  devices 
can  be  caused  both  directly,  by  high  energy  charged 
particles,  and  indirectly,  by  secondary  reaction  products 
generated  by  the  interaction  of  incoming  particles  with 
atoms  in  the  chip  [1],  These  incoming  particles  may  be 
protons  or  neutrons.  This  has  been  dmonstrated  both 
theoretically  [1]  and  experimentally  [2]. 

The  purpose  of  this  paper  is  to  examine  the  SEU 
suscq)tibility  induced  by  neutrons  and  protons 
quantiutively,  and  mote  accurately  than  has  been  done 
previously.  The  intention  is  to  allow  SEU  cross  section  data 
made  with  sources  of  both  particle  types  to  be  used  in 
concert  On  the  theoretical  end,  the  early  comparison  made 
by  Ziegler  [1]  used  old  and  coarse  cross  section  data.  The 
later  results  obtained  by  C.  H.  Tsao  et  al  [3,4]  apply  only  to 
the  integration  of  the  iq>set  model  with  q)ecific  energy 
qiectra  of  incident  particles.  We  will  utilize  the  up-to-date 
proton  interaction  model  developed  by  McNulty  [S-7]  and 
combine  it  with  the  improved  neutron  interaction 
calculations  carried  out  ty  Nonnand  [8].  On  the 
experimental  end,  we  will  examine:  a)  integral  energy 
dqiosition  spectra  in  silicon  barrier  detectors  generated  by  a 
beiun  of  14  VfeV  neutrons  and  b)  older  and  newer 
measurements  of  SEU  cross  sections  in  microchip  devices 


by  monoenergetic  beams  that  will  allow  direct  conqwrisons 
between  induced  rates  by  neutrons  and  protons. 

Neutron  end  Pminn  .^Ftl  Ooss  Sections 

Compared  to  measured  heavy  ion  SEU  cross 
section  data,  there  is  a  very  limited  set  of  experimental 
cross  sections  for  SEU  induct  by  protons  [9],  and  even  less 
for  those  due  to  neutrons.  The  proton  measurements  are 
hampered  by  the  limited  number  of  proton  accekrttor 
facilities  available  to  perform  testing,  as  well  as  by  cost 
Neutron-induced  SEU  measurements  have  been  made  using 
least  three  different  types  of  neutron  sources;  an  accel¬ 
erator  [2],  PuBe  source  [10]  and  a  14  MeV  neutron 
generator  which  provides  an  essentially  monoenergetic 
beam  [2,11,12]. 

SEU  measurements  using  neutrons,  especially 
those  mads  with  a  14  MeV  generator,  have  several  potential 
advantages:  greater  availabillQr,  simplicity  of  operation  and 
lower  cosL  The  nugor  disadvantage  is  that  it  provides  data 
at  only  one  energy,  14  MeV,  and  that  energy  is  relatively 
low  compared  to  the  energies  needed  for  qxcific 
qiplicaiions.  Nevertheless,  the  neutron  generator  can  be 
very  useful  for  expanding  the  existing  data  base  of 
proton-induced  SEU  measurements.  The  major  obstacle  that 
has  limited  making  additional  use  of  14  MeV  neutron 
measurements  is  lack  of  a  fum  understanding  of  the  rela- 
tionriiip  between  proton-induced  and  neutron-induced  SEU 
cross  sections.  Ibis  paper  intends  to  provide  a  better 
understanding  of  that  relationship  from  both  theoretical  and 
experimental  perspectives. 

Surface  Barrier  Detecior  Measurements  and  Predictions 

Over  the  last  decade,  McNulty  and  his  coworkers 
have  made  extensive  measurements  of  the  integral  energy 
deposition  q>ectia  in  silicon  surface  barrier  detectors 
(SBDs)  bombarded  by  beams  of  various  particles  [S-7]. 
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Hiese  measurements  are  important  because  they  allow 
comparisons  to  be  made  with  the  predictions  from  various 
particle  interaction  models.  In  a  parallel  effort,  the  group 
developed  a  computer  simulation  model  that  calculates  the 
energy  deposited  by  incoming  protons  within  a  microscopic 
sensitive  volume  (S<7].  Their  calculations  have  given  very 
good  agreement  with  the  SBD  measurements  [7]  and  the 
model  has  been  formalized  into  the  CUPID  computer  code. 
The  proton-induced  nuclear  reactions  utilized  in  the  code 
have  been  described  previously  [S]. 

Heretofore,  only  the  SBD  measurements  made  with 
proton  beams  have  been  published  [S-7].  However,  the  same 
SBD  detector  system  was  also  used  to  make  a  series  of  mea¬ 
surements  using  a  14  MeV  neutron  generator  to  provide  the 
beam  of  energetic  particles.  The  results  of  these 
measurements  will  be  examined  in  some  detail. 

In  Figure  1  integral  spectra  in  the  same  SBD  (5000 
X  5000  X  2.5  are  compared  that  result  from  beams  of  14 
MeV  neutrons  and  37  MeV  protons.  It  should  be  noted  that 
the  proton  beam  isn't  truly  monoenergetic.  having  a  FWHM 
of  10  MeV  [5].  Furthermore  the  neutron  energy  produced  by 
a  neutron  generator  operated  at  150  kV  ^,T  reaction) 
varies  from  13.5-14.7  MeV,  depending  on  the  angle  Of 
emission  [13].  For  standard  irradiation  configurations,  such 
as  used  in  the  SBD  measurements,  the  neutrons  strike  the 
target  essentially  head  on,  hence  the  energy  is  14.7  MeV, 
that  for  0"  emission  angle.  Throughout  this  paper  neutrons 
from  a  14  MeV  generator  will  be  regarded  as  having  an  en¬ 


ergy  of  14.7  MeV. 


Measured  in  2.5  ^  Thick  Silicon  Barrier  Detector 
by  14  MeV  Neutrons  and  37  MeV  Protons. 

The  SBD  dau  has  previously  been  presented  as  the 
number  of  events  per  incident  number  of  protons  incident  on 
a  volume  of  specified  size,  in  which  energy  above  a 
threshold  level  has  been  deposited  by  the  reaction  products 
[5].  We  reformulated  it  into  the  form  of  the  burst 
generation  rate,  BGR  or  B(Ep  or  E^,  E,),  in  units  of 

cmVmicron^  [1].  The  BGR  is  the  partial  macroscopic  aoss 
section  that  quantifies  the  rate  at  which  secondary  reaction 
products  of  energy  £,  or  greater,  are  produced  by  incoming 
protons  of  energy  E^  or  neutrons  of  energy  Eg. 

From  Figure  I  it  is  evident  that  for  energy 
deposition  >  3.2  MeV.  the  14.7  MeV  neutron  beam  deposits 


at  least  3  limes  as  much  as  energy  as  the  37  MeV  proton 
beam.  The  14.7  Mev  oeutron  energy  deposition  specmiro 
begins  at  3.2  MeV  due  to  limitations  of  the  neutron  gen¬ 
erator  facility  that  was  used.  It  required  that  a  discriminator 
setting  of  3.2  MeV  be  used  in  order  to  avmd  spurious 
counts. 

The  CUPID  code  was  able  to  predict  the  energy 
deposition  spectrum  by  protons  very  well  [7],  boivever  it 
was  not  designed  to  model  neutron  interactions.  In  the  most 
recent  approaches  for  neutrons  [3,8,14],  the  BGR  has  been 
calculate  in  two  diHerent  ways,  dqiending  on  the  energy  of 
the  neutron.  For  neutrons  widi  Eg  <  20  MeV,  the  detailed 
neutron  cross  section  data  of  the  ENDF-V  library  have  been 
used  [8].  For  neutrons  with  Eg  >  SO  MeV,  a  probabilistic 
approach  has  been  used,  based  on  calculations  uith  the 
HETC  code  [14].  For  energies  in  between,  extrapolations  or 
interpolations  have  been  used  [8]. 

To  calculate  the  energy  deposition  spectra  induced 
by  14.7  MeV  neutrons  in  a  SBD  such  as  the  results  in  Figure 
1.  we  utilized  the  approach  in  [8]  based  on  the  neutron  cross 
section  data  from  the  ENDF-V  library  [IS].  In  this  approach 
we  account  for  each  individual  neutron-silicoa  reaction 
separately  and  sum  up  the  contributions.  As  indicated  in  [8], 
for  those  reactions  in  which  a  charged  particle  is  emitted 
e.g..  the  (n.a)  reaction,  energy  deposition  results  from  both 
the  heavy  and  light  reaction  products,  in  this  case  the  Mg 
recoil  and  the  alpha  reflectively.  Because  the  sensitive 
volume  is  so  large  in  the  SBD.  compared  to  the  depletion 
region  of  a  typical  memory  device,  tte  energy  deposited  by 
the  light  reaction  product  is  very  sigiuficanL  T^  can  be 
seen  in  Figure  2  where  we  have  plotted  the  energy  deposited 
by  a  14.7  MeV  neutron  in  the  (n.a)  reaction  as  a  function  of 
the  scatter  angle.  This  is  predicated  on  a  scatter  point  on  the 
centerline  of  an  SBD  having  dimensions  of  5000  x  SOOO  x 
4.2  The  a  particle  has  a  limited  range  (about  55  -  80  p). 
depending  on  the  energy  it  emerges  with  after  the  reaction 
(8.35-1 1.7  MeV).  Since  the  scatter  angle  is  directly  related 
to  the  a  panicle's  energy  through  the  reaction  kinematics, 
the  scattering  angle  is  vital  in  determining  how  much  of  its 
energy  the  a  deposits  within  the  sensitive  volume. 

By  focusing  on  the  energy  deposition  spectrum 
above  4  MeV,  we  only  have  to  considu  three  reactions, 
namely  (n,alpha),  (n,p)  and  (n,d)  in  order  to  calculate  the 
energy  deposition  spectrum.  None  of  the  other  6  reactions 
can  deposit  4  MeV.  Figure  3  shows  the  total  energy 
deposit^  by  the  (n,p)  reaction  for  the  same  configuration  as 
Figure  2.  Because  the  range  of  {uotons  is  so  much  larger 
than  that  of  alpha  particles  (about  620  •  850  p  for  proton  en¬ 
ergies  ranging  between  9.17  - 10.84  MeV).  the  deposition  is 
very  narrowly  peaked.  Only  (n.p)  reactions  with  scatter 
angles  nearly  90°  will  produce  long  enough  path  lengths  to 
deposit  most  of  the  proton  energy.  Energy  deposited  by  the 
(n,d)  reaction  is  similar  but  midway  between  the  two,  less 
peaked  than  the  (n,p)  curve  but  not  as  broadened  as  the 
(n,alpha)  curve. 
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Figure  lEnergy  Deposition  from  (n,a)  Reaction  by 
14.7  MeV  Neutrons  in  4.2  ^  Thick  Surface  Barrier 
Detector  As  a  Function  of  Scatter  Angle. 


Figure  lEnergy  Deposition  from  (n,p)  Reaction  by 
14.7  MeV  Neutrons  In  4.2  4  Thick  Surface  Barrier 
Detector  As  a  Funcb'on  of  Scatter  Angle. 


Using  the  energy  deposition  curves  such  as  Figures 
2  and  3.  and  assuming  that  all  three  difTerential  reaction 
CTOss  sections  are  isotropic  with  scatter  angle,  we  can 
calculate  the  combined  burst  generation  rate.  This  is  shown 
in  Figure  4  along  with  the  measured  values  obtained  by  the 
McNulty  group  for  the  same  size  SBD.  The  agreement  is 
quite  good.  In  these  calculations  the  vast  majority  of  the 
energy  deposited  is  from  the  (n^lpha)  reaction. 


Energy  deposited,  UeV 

Figure  4.Comparison  of  Calculated  and  Measured 
Burst  Generation  Rate  in  4.2  ^  Thick  Silicon 
Barrier  Detector  by  14.7  MeV  Neutrons . 


The  good  agreement  betu-een  the  and 

measured  burst  generation  curves  means  that  ow  simpUfied 
model  based  on  an  interaction  point  along  the  SBD 
centerline  is  valid.  Since  the  SBD  is  so  thin,  in  this  case  4.2 
micrometers,  compared  to  the  alpha  particle  range,  moving 
the  interaction  point  up  or  down  should  not  affect  the 
calculated  result  very  much.  The  oveiprediction  for  large 
energy  depositions  is  attributed  to  the  lack  of  isotre^y  in  the 
actual  (n,a)  differential  cross  section.  These  large  energy 
depositions  are  due  to  (n.a)  reactions  of  almost  9(F.  While 
we  haven't  found  measured  (n.a)  differential  cross  sections 
in  silicon  for  14.7  MeV  neutrons,  we  have  found  such  data 
for  aluminum  [16],  and  it  is  shown  in  Figure  S.  Neutron 
behavior  in  aluminum  and  silicon  are  very  similar  and  so 
Hgure  S  will  be  applied  to  silicon.  From  Figure  S  we  see 
that  the  (n^lpha)  differential  cross  section  is  peaked  in  the 
forward  and  backward  direcdons,  and  is  smallest  for 
angles  between  604  •  1204.  Thus  our  simplified  model 
overestimates  the  almost  904  (n,a)  contributions. 


Figure  5.Variation  of  the  (n,a)  Differential  Cross 

Section  in  Aluminum  As  a  Function  of  the 
Scatter  Angle. 

As  indicated,  energy  deposition  by  the  alpha 
particle  is  the  dominant  mechanism  and  it  is  appreciable 
even  for  path  lengths  of  half  or  a  third  of  the  alpha  particle 
range.  In  our  model  the  energy  deposition  is  treated  in  the 
manner  of  Burrell  and  Wright  [17].  Following  [17],  the 
range  fOT  each  particle  type  is  obtained  as  a  frmetion  of 
energy  in  the  form  of  the  3-paiameter  fit  for  parameters  a,  b 
andr. 

R  =  (a/2b)ln(l  +  2bE")  (1) 

An  initial  particle  of  energy  E,  on  traversing  a  distance  x, 
deposits  energy  A  E 

AE  =  E-[(E'-oypi‘*  (2) 


CM 


t4«0 

where 


P  =  exp(2bx/a)  and  a»(^-lV2b  (3) 


The  McNulty  group  measured  integral  energy 
deposition  spectra  by  14.7  MeV  neutrons  in  a  series  of 
SBDs.  The  surface  barrier  detectors  had  the  same  cross 
section  but  different  thicknesses.  According  to  our 
simplified  model  of  a  single  interaction  point  at  the  center 
and  isotropic  differential  interaction  cross  sections,  the 
energy  deposition  is  proportional  to  the  cos  (scatter  or  in¬ 
teraction  angle).  For  a  path  length  just  contained  within  the 
SBD.  the  cos  (angle)  is  prtqiortional  to  the  half-thickness  of 
the  SBD,  i.  e..  cos(angie)  =  (i/2)*Range  (see  Inset  in  Figure 
6).  To  test  the  validity  of  this  model  we  have  plotted  the 
measured  energy  deposition  cross  sections  for  the  four 
different  SBD  thicknesses.  2.5.  4.2.  25  and  50  |i.  as  a 
functitm  of  the  SBD  thickness,  and  normalized  the  cross 
sections  to  that  for  the  50  p  SBD.  Such  normalized  aoss 
sections  are  plotted  in  Figure  6  f<v  three  different  energy 
depositions.  If  the  simplified  model  is  valid,  the  normalized 
cross  sections  should  be  proportional  to  the  ratio  of  the  SBD 
thickness.  Figure  6  indicates  that  the  simplified  model  is 
generally  valid,  but  the  actual  energy  deposition  is  more 
complex.  Complications  arise  for  SBD's  which  are  thick 
compared  to  the  alpha  particle  range,  because  the  single 
interaction  point  is  no  longer  representative,  and  because  of 
the  anisotropy  of  the  differential  interaction  cross  sections. 
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Figure  6.Nornuirized  Ratios  for  Energy  Deposition 
Cross  Sections  Measured  in  Various 
Thicknesses  of  SBDs  with  14.7  MeV  Neutrons. 


A  better  test  of  the  model  for  a  thick  SBD  is  seen  in 
Figure  7  which  shows  the  measured  and  calculated  burst 
generation  rate  fw  a  SO  p  SBD.  The  agreement  is 
considerably  poorer  than  that  in  Figure  4  for  the  4.2  p  SBD. 
In  Figure  7  two  calculated  curves  are  shown,  one  for  the 
interaction  point  along  the  centerline  of  the  SBD  volume, 
and  one  for  the  interaction  point  at  the  vop.  For  the  uq) 
interaction  point  we  also  accounted  for  the  anisotropy  of  the 
(n,alpha  reaction)  using  Figure  5.  Figure  7  shows  that  for 


sUkoo  volumes  that  are  thick  compared  to  the  alpha  particle 
range,  the  energy  depositioa  has  to  be  treated  more 
accurately  than  our  simpUfied  model.  e.g..  by  means  of 
either  J.  Ziegler's  approach  in  the  TRIM  code  [18]  which 
accounts  for  range  straggling  and  uses  higher  order  fits  to 
the  range,  or  the  Effective  Interaction  Volume  (EIV)  model 
of  our  earlier  paper  [8]. 


FIgurt  Z  Comparison  of  Calculatsd  and  Msssursd 
Burst  Gsnerition  Rats  InSOpThIckSiDcon 
Barriar  Detector  by  14.7  MaV  Naulront. 

The  EIV  model  was  upgraded  and  applied  to  the  50 
p  SBD.  and  the  results  from  such  prelimiiuuy  calculations 
are  shown  in  Figure  7.  While  there  appear  to  be  some 
numerical  convergence  problems,  the  sh^  ot  the  curve 
matches  the  experimental  data  much  better  than  the  simple 
model,  as  would  have  been  expected.  The  EIV  model 
incoiporates  the  patblength  distribution  for  the  device  as  a 
function  of  angle  and  integrates  over  the  reaction  volume 
[8]  to  provide  a  much  better  represenution  of  the  geometry. 
The  model  uses  a  5-parameter  fit  to  the  range,  and  in  this 
application,  it  also  included  the  anisotrcqty  of  the  (n.alpha) 
reaction  as  shown  in  Figure  5.  We  conclude  that,  despite  its 
limitations,  the  simplified  model  gives  useful  results  for 
many  silicon  volume  configurations  of  interest,  and  that  the 
EIV  model  can  be  used  to  improve  the  predictions  for  mtve 
difficult  geometries. 

SEU  Measurements  with  Proton  and  Neutron  Beams 

The  SBD  energy  deposition  spectra,  both  measured 
and  calculated,  are  very  useful  in  evaluating  the  success  of 
our  model  in  predicting  the  underlying  interactions 
involved.  They  are  limited  however,  by  the  fact  that  the 
SBD  involves  a  very  large  volume  (5000  x  5(XX)  x  4.2  p^)  of 
silicon  relative  to  that  of  the  sensitive  de:7!etion  region 
volume  in  a  microchip  device  (often  taken  as  10  x  10  x  5  p^ 
[3],  but  much  smaller  e.g.,  5  x  5  x  2  p^,  in  some  current 
devices).  To  compare  neutron  and  proton  induced  upsets  in 
microchips  we  will  rely  primarily  on  SEU  measurements, 
but  at  the  same  time  d^ve  some  generalizations  from  the 
SBD  measurements  and  calculations. 

The  earliest  SEU  measurements  with  neutrons  [2] 
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^  made  a  few  measuiemenu  with  pnxoas  on  two  16K 
HAMs.  The  proton  beam  was  nominally  moaoenergedc  (32 
UkV)  hul  most  of  the  neutron  measurements  were  with 
broad-spectrum  neutron  beams  from  a  cyclotron.  For  one 
PAM.  (he  Motorola  MCM  4116L20.  measurements  were 
•Iso  made  with  a  monoenergetk  14  MeV  neutron  generator. 
The  resulting  SEU  cross  sections  were  l.SE-12  cm^/bit  for 
the  32  MeV  protons,  and  3.3E-13  cm^/bit  for  the  14  MeV 
neutrons. 

The  higher  SEU  cross  section  for  protons  compart 
to  neutrons  from  this  dam  is  opposite  to  the  SBD 
measurements  in  Hgure  1  which  show  the  neutron  cross 
section  to  be  higher.  However,  the  geometry  of  the  sensitive 
volume  plays  a  very  important  role.  We  have  already  shown 
that  in  the  large  volume  of  the  SBD,  having  dimensions  that 
are  large  compared  to  the  range  of  the  alpha  particle, 
complete  deposition  of  the  alpha  particle's  energy  occurs 
within  the  cone  of  alpha  particle  dqmsidon,  and  large 
energy  deposition  is  also  possible  outside  the  cone  (see  Fig. 
6).  In  the  depletion  region  of  a  memory  device,  even  for  the 
often-used  10  a  10  x  S  the  dimensions  are  considerably 
smaller  than  the  alfriia  particle  range  (SS  •  80  p),  so  most  of 
the  energy  is  deposited  by  the  Mg  recoil  and  the  recoils 
from  the  other  neutron-silicon  reactions. 

We  have  made  preliminary  calculations  for  SO 
MeV  i»otons  and  14.7  f^V  neutrons  interacting  with  a 
small  20  X  20  X  4.2  subvolume,  using  the  CUPID  and 
ENDF  reaction  cross  section  methods  respectively.  For 
energy  deposition  up  to  about  2  MeV.  the  14.7  neutrons 
deposit  more  energy  than  the  SO  MeV  protons.  However,  the 
maximum  energy  the  neutron  can  deposit  is  4.2  MeV.  and 
for  energy  depositions  of  between  2-  4.2  MeV.  the  protons 
contribute  more  than  the  neutrons.  At  4  MeV,  the 
probability  of  energy  deposition  by  the  protons  is  about  S 
times  greater  than  fw  the  neutrons.  Thus,  in  general  terms, 
we  can  conclude  that  for  the  Motorola  part  the  critical 
charge  was  likely  to  have  been  about  0.2  pC  (equivalent  to  a 
critical  energy  deposition  of  about  4.S  MeV). 

Eleven  years  later  a  more  careful  experiment  was 
carried  out  specifically  to  measure  the  upset  cross  sectitm  in 
three  1990's  vintage  RAM  devices  using  separate  beams  of 
67  MeV  protons  and  neutrons  (the  proton  energy  was 
actually  62.5  MeV).  This  experiment  was  performed  at  the 
UC  Davis  Cyclotron  [19].  The  proton  upsets  were  measured 
fust  using  small  increments  of  fluence  on  the  target  device 
to  keep  the  panicle  and  total  dose  damage  negligible.  The 
results  are  shown  in  Table  1  for  the  three  devices:  a  16K 
NMOS  SRAM,  a  2S6K  bipolar-CMOS  RAM  and  a  IK 
GaAs  RAM.  Statistical  uncertainties  fot  the  proton  and  neu¬ 
tron  measurements  were  relatively  large  because  few  total 
upsets  were  observed  (a  each  run.  In  all  three  cases  the  per 
bit  neutron  upset  cross  section  was  larger  than  that  for  the 
protons  by  a  facux  of  2  to  10.  It  was  the  GaAs  device  that 
showed  the  largest  increase,  a  factor  in  the  range  of  S  - 10. 
between  the  neutron  and  proton  cross  sections. 

Simple  explanations  for  the  higher  neutron  upset 


UpM(CioMSaclloit,«pjileiii^M)  | 

VTCtIC 

miossKts 

nrnasc 

BreossaKia 

WWSM 

vasacaasKst 

•aaucviwMMi 

laasio-’^ 

8.re*io-*4 

cm  MtV  Mutton 

sat  1  to” 

7.10  no-** 

i.taxia* 

0«/Op 

sa 

•  -10 

Table  1.  Comparison  M  Nautron  and  Proton 
Induced  SEU  Uprot  Cross  Seetkms. 

cross  section  are  uiadequate  to  explain  the  large  differences. 
For  example,  by  ignoring  the  contribution  from  elastic 
scattering  we  can  estimate  the  proton  and  neutron  cross 
sections  for  all  other  reactions  in  silicon  at  energies  of  62  J 
and  67  MeV  respectively.  We  find  for  silicon  that 
-  0.505  bams  for  62.5  MeV  protons  [20,21],  based  on 
silicon  and  aluminum  measurements,  and  Onoo^Unie  ~ 
bams  for  67  MeV  neutrons  [22].  The  neutron^rroton  ratio  of 
non-elastic  cross  sections  is  -l.l.  not  nearly  large  eiKMigh  to 
explain  the  much  larger  ratio  of  upset  cross  sections. 

Conclusions 

We  have  examined  two  sets  of  measurements, 
integral  energy  deposition  spectra  in  SBDs  by  14.7  MeV 
neutrons,  and  SEU  upset  cross  sections  in  three  RAM 
devices  by  both  67  KfcV  neutrons  and  protons.  The  SBD 
measurements  allowed  us  to  evaluate  the  accuracy  of  a 
simplified  neutron  interaction  model,  just  as  McNulty  and 
his  coworkers  have  previously  confirmed  the  applicability 
of  the  CUPID  proton  interaction  code  against  similar  SBD 
measurements  [5-7].  We  then  shifted  emphasis  from  the 
relatively  large  silicon  subvolumes  of  the  SBDs  to  the  small 
subvolumes  in  memory  devices.  SEU  upset  cross  sections 
were  measured  separately  with  beams  of  67  MeV  neutrons 
and  protons,  and  the  neutron  per  bit  cross  sections  were 
consistently  higher.  We  have  not,  however,  applied  the 
models,  CUPID  for  protons  and  the  ENDF  reaction  cross 
section  or  HETC  approaches  for  neutrons,  to  calculate  the 
SEU  cross  sections.  To  do  so  would  have  required 
additional  information,  namely  the  critical  charge, 

(equivalent  to  a  critical  energy  deposition),  and  the  sensitive 
volume  for  each  device  in  order  to  calculate  the  upset  rates 
using  the  aforementioned  modeling  codes. 
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Chaise  collection  in  silicon  surface  barrier  detectors  resulting  from  proton-induced  nuclear  reactions  have  been  measured  for  a 
number  of  incident  proton  energies  with  and  without  various  surrounding  materials.  The  results  are  in  agreement  with  the  predictions 
of  the  CUPID  simulation  codes  over  the  range  of  incident  proton  energies  from  37  to  1S4  MeV.  Proton  spallation  simulations  which 
ignore  the  contribution  from  reactions  in  the  surround  can  seriously  underestimate  the  SEU  rates. 


1.  Inirodiictioo 

Proton-induced  nuclear  reactions  are  an  important 
source  of  soft  fails  or  single-event  upsets  (SEUs)  in 
microelectronic  circuits  flown  on  satellites  in  low  earth 
orbits.  If  more  than  a  threshold  or  critical  amount  of 
charge  is  collected  at  certain  reversed-biased  n-p  junc¬ 
tions  on  a  device,  the  logic  state  of  the  corresponding 
cell  will  be  changed.  The  CUPID  (Clarkson  University 
proton  interactions  in  devices)  codes  (1]  were  developed 
to  simulate  proton-induced  spallation  reactions  in  well 
defined  silicon  microvolumes  in  order  to  predict  SEU 
cross  sections.  They  are  available  in  a  user-friendly  form 
suitable  for  running  on  an  IBM-AT-type  computer  and 
are  beginning  to  be  used  to  estimate  SEU  cross  sections 
for  devices. 

The  codes  were  previously  tested  by  comparing  their 
predictions  with  the  pulse-height  spectra  obtained  in  a 
series  of  fully  depleted  surface  barrier  detectors  for  a 
variety  of  thicknesses  [2].  That  study  confumed  the 
code’s  ability  to  simulate  charge  generation  within  a 
sensitive  volume  due  to  spallation  reactions  within  that 
volume.  Unfortunately,  simulations  for  geometries  cor¬ 
responding  to  real  devices  show  that  more  than  half  of 
the  SEU-inducing  events  result  from  nuclear  reactions 
occurring  outside  the  sensitive  volume  [3].  This  study 
provides  the  first  attempt  to  test  the  code’s  ability  to 
handle  the  charge  generated  within  the  sensitive  volume 
as  a  result  of  nuclear  reactions  which  occur  outside. 

CMOS/SOS  and  CMOS/SOI  are  technologies  that 
can  be  accurately  represented  in  the  manner  of  a  fully 
depleted  detector,  Le.  all  the  charge  of  a  given  sign 


generated  within  the  sensitive  verfume  is  collected  across 
the  junction  while  the  charge  generated  outside  is  not 
This  simplicity  results  from  the  SEU-sensiiive  regions 
being  isolated  by  either  sapphire  in  CMOS/SOS  or 
SiOj  in  CMOS/SOI.  Bulk  CMOS,  bipolar,  and  NMOS 
tech'-ologies  more  closely  resemble  partially  depleted 
detectors  in  that  the  charge  collected  at  the  junction 
includes  contributions  due  to  drift  from  the  depletion 
region,  Held-assisted  drift  or  funneling  from  pmtions  of 
the  track  just  outside  the  depletion  region  [4.S]  and 
diffusion  of  charges  from  further  out  (6,7).  These  contri¬ 
butions  are  too  compUcated  to  model  easily.  The  cur¬ 
rently  accepted  procedure  is  to  simply  increase  the 
thickness  of  the  sensitive  volume  beyond  the  depletion 
region  by  an  amount  estimated  to  be  necessary  so  that 
the  simulated  charge  generated  within  the  new  sensitive 
volume  equals  the  amount  actudly  collected  at  the 
junction  [8]. 

In  order  to  restrict  the  experimentally  observed 
charge-collection  signals  to  the  charge  generated  within 
the  sensitive  volume,  fully  depleted  SBDs  were  sep¬ 
arated  from  the  surrounding  material  by  a  small  gap  in 
vacuum.  This  allowed  energetic  spallation  products  from 
reactions  in  the  surround  to  jump  the  gap  and  traverse 
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Fig  2.  (a)  Pulse  height  spectra  of  1S4  MeV  protons  for  a  2.S  pin  surface  barrier  detector.  Solid  line,  dashed  line  and  solid  diamonds 
represent  the  detector  without  surround,  the  detector  with  two  slabs  of  silicon  and  the  theoretical  calculation,  respectively.  In  the  top 
right  comer  are  the  comparisons  with  the  corrected  theoretical  calculations  for  the  gap.  (b)  Comparison  between  the  three  sets  of  data 
as  in  (a),  with  a  proton  energy  of  12S  MeV.  (c)  Comparison  between  the  three  sets  of  dau  as  in  (a)  with  a  proton  energy  of  86  MeV. 
(d)  The  comparison  between  the  three  sets  of  data  as  in  (a)  with  a  proton  energy  of  37  MeV. 
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the  detector,  but  restricted  the  electrons  collected  at  the 
junction  to  those  generated  as  electron-hole  pairs  within 
the  detector  volume. 


2.  Experimental  procedures 

The  experimental  setup  is  shown  schematically  in 
fig.  1.  A  surface  barrier  detector  is  placed  in  a  vacuum 
“  tee”  with  slabs  of  material  placed  upstream  and  down¬ 
stream  of  the  detector.  The  detector  is  a  fuUy  depleted 
slab  of  silicon  separated  from  the  surround  materials  by 
the  ultrathin  metallizations  which  serve  as  electrical 
contacts  and  vacuum  gaps  of  3.8  mm.  The  separation 
ensures  that  there  is  no  drift  or  diffusion  of  charge  from 
the  surround  to  the  detector. 

Charge  generated  in  the  2.S  pm  layer  of  silicon  is 
collected  through  the  BNC  connector  to  a  charge-sensi¬ 
tive  preamplifier  which  in  turn  feeds  through  an  ampli¬ 
fier  to  a  pulse-height  analyzer.  Pulse-height  spectra  were 
obtained  with  various  materials  forming  the  surround 
and  for  different  thicknesses  of  the  sensitive  volume. 


3.  Results  for  a  sOicou  surround 

The  experimental  dau  are  presented  in  the  form  of 
integrated  spectra  where  the  cross  section  for  collecting 
at  least  some  amount  of  charge  is  plotted  against  col¬ 
lected  charge.  The  collected  charge  is  expressed  in  terms 
of  equivalent  energy  deposition  £  where  22.5  MeV  is 
equivalent  to  1  pC  of  collected  charge.  Fig$.  2a-d 
compare  the  experimental  results  for  a  2.S  pm  thick 
detector  (area -25  mm^)  surrounded  by  silicon  slabs 


(dashed  curve)  with  the  corresponding  spectra  obtained 
in  the  absence  of  surround  (solid  curve).  There  is  a 
statistically  significant  difference  between  the  int^al 
spectra  at  low-energy  depositions  but  not  at  large  en¬ 
ergies. 

The  effect  of  the  surround  would  be  greater  without 
the  introduction  of  the  gap  which  reduces  the  solid 
angle  subtended  by  the  detector  as  seen  from  points 
along  the  trajectory  where  nuclear  reactions  are  gen¬ 
erated  in  the  surround.  As  a  result,  a  smaller  fraction  of 
the  recoiling  nuclear  fragments  from  the  spallations 
reach  the  sensitive  volume  than  would  be  the  case  if  the 
surround  was  immediately  adjacent  to  the  sensitive 
volume.  This  is  illustrated  in  fig.  2  by  the  standard 
CUPID  simulations  which  ignore  the  gap  between  de¬ 
tector  and  sunound.  They  predict  a  significant  increase 
in  the  spectra  (solid  diamonds)  compared  to  the  no-sur- 
round  case. 

Correcting  for  the  effects  of  the  g^  requires  some 
knowledge  of  the  angular  distribution  of  the  recoiling 
nuclear  fragments  emerging  from  the  spallations.  This 
information  can  also  be  estimated  from  the  simulations. 
The  angular  distributions  obtained  from  CUPID  for 
protons  with  incident  energies  from  37  MeV  and  154 
MeV  are  shown  in  fig.  3.  These  distributions  can  be 
used  to  calculate  the  fraction  of  the  recoils  that  reach 
the  detector.  The  corrected  theoretical  spectra  are 
plotted  for  154  MeV  at  the  top  right  comer  in  fig.  2a. 
The  agreement  between  the  simulations  corrected  for 
the  gap  and  the  surround  data  is  quite  good. 

The  dependence  on  the  thickness  of  the  sensitive 
volume  IS  illusuated  in  fig.  4  which  compares  the  in¬ 
tegral  spectra  obtained  experimentally  for  surface  bar¬ 
rier  detectors  of  different  thicknesses  exposed  to  154 


COS  O  cos  0 

Fig.  3.  The  angular  distribution  of  the  recoil  nuclei  from  nuclear  reactions  induced  by  protons  incident  at  (a)  37  MeV  and  (b)  1 54 

MeV.  respectively. 
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Fig.  4.  Comparison  between  the  two  experimental  measurements  and  the  theoretical  calculations  similar  to  Tig.  2a  for  1S4  MeV 
proton  exposure  on  surface  barrier  detectors  with  thickness  (a)  S  |im.  (b)  10  pm  and  (c)  2S  pm.  respectivdy. 


MeV  protons.  The  measured  effect  with  the  gap  is  small 
in  all  cases  compared  to  what  the  CUPID  simulations 
predict  for  the  no-gap  case. 


The  effect  of  nuclear  reactions  in  silicon  surrounding 
a  silicon-sensitive  volume  which  has  dimensions  more 
typical  of  devices  is  illustrated  in  Tig.  S  which  compares 
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Fig.  S.  Integral  cross  section  vs  energy  deposited  with  60  Mev 
protons  incident  on  a  sensitive  votuine  with  dimensions  of 
2x10x1  •inr’  with  and  without  including  reactions  in  the 
surround.  The  solid  triangles  represent  the  pulse  height  spectra 
obtained  from  only  reactions  in  the  sensitive  volume  itsdf.  The 
solid  diamonds  represent  the  combined  contributions  from  all 
the  reactions  in  the  sensitive  volume  and  a  larger  volume 
extending  4  |tm  beyond  each  face,  i.e.  the  large  vt^ume  dimen¬ 
sions  are  10  X 18  x  9  pm’. 


simulation  results  for  60  MeV  protons  incident  on  a 
sensitive  volume  with  dimensions  of  2  x  10  x  1  ponP 
with  and  without  including  reactions  in  the  surround. 
The  solid  triangles  represent  the  pulse-height  spectra 
obtained  from  only  reactions  in  Uk  sensitive  volume 
itself.  The  solid  diamonds  represent  the  combined  con¬ 
tributions  from  all  the  reactions  in  the  sensitive  vr^ume 
a^Tid  a  larger  volume  extending  4  pm  beyond  each  face 
(see  fig  6a).  There  is  predicted  almost  a  doubling  of  the 
total  cross  section  due  to  the  presence  of  the  surround 
and  an  increase  of  one  or  two  orders  of  magnitude 
predicted  for  the  larger-energy  depositions.  Ignoring  the 
surround  in  simulating  proton-induced  SEU  rates  there¬ 
fore,  seriously  underestimates  the  true  rates,  even  when 
the  program  correr'ly  simulates  energy  depositions  in 
the  sensitive  volume  itself.  The  contributions  from  reac¬ 
tions  occurring  in  the  top  layer  of  the  surround,  the 
sides  and  the  bottom  are  shown  separately.  The  major¬ 
ity  of  surrounc  '  spts  are  initiated  by  spallations  in  the 
top  but  the  bottom  layer  is  the  nujor  source  for  the 


e 


Fig.  6.  Schematic  diagram  representing  the  poatible  cases  for 
the  surround  materials.  These  cases  are:  (a)  aU.  (b)  sensitive 
volume  (no  surrouitd),  (c)  top,  (d)  bottom,  (e)  side. 


large-energy  depositions  necessary  to  induce  upsets  in 
typical  circuits. 


4.  Other  matcriab 

If  portions  of  the  surround  con^t  of  materials  of 
higher  atomic  weight  than  silicon,  the  contribution  of 
the  surround  will  be  less,  because  the  heavier  recoiling 
nuclear  fragments  have  less  energy  to  deposit  in  the 
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Fig  7.  Integral  spectra  obtained  experimentally  with  and 
without  surround  are  compared  for  the  case  of  the  same  2.S 
pm  silicon  detector  and  germanium  surround  with  1S4  MeV 
incident  protons. 
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Fig.  8.  Integral  spectra  obtained  experimentally  with  and 
without  surround  are  coaqsared  for  the  case  of  the  same  2.S 
|im  sUicon  detector  and  quartz  surround  with  1S4  MeV  inci¬ 
dent  proums. 

sensitive  volume.  This  is  illustrated  in  fig.  7  where  the 
integral  spectra  obtained  experimentally  with  and 
without  surround  ate  compared  for  the  case  of  the  same 
silicon  detector  and  germanium  surround.  No  signifi¬ 
cant  differences  are  observed. 

Materials  of  lower  aunnic  weight,  on  the  other  hand. 


produce  recoils  with  higher  energies  idiicfa  can  deposit 
more  energy  in  the  sensitive  voluiae.  Fig.  8  show  a 
smaU  effect  seen  experimoitally  in  the  surface  barrier 
detector  when  the  sensitive  volume  is  surrounded  by 
quartz. 


5.  Siunnary  and  conclusions 

CUPID  simulations  predict  a  contribution  to  the 
pulse-height  spectra  measured  in  a  surface  barrier  detec¬ 
tor  due  to  ^allation  reactions  occurring  outade  the 
sensitive  volume  which  is  roughly  the  same  as  the 
contribution  from  reactions  occurring  within  the  sensi¬ 
tive  volume. 
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ABSTRACT 

Computer  simuladons  of  proCon-ioduced  spallation  reactions  predict  the  dqwsitioo  of  as  nnich  as  200 
KeV  of  non  kwiziiig  energy  loss  (NIEL)  within  the  active  regions  of  CCD  pixds  as  the  result  of 
individual  spallation  reaction  interactkMis.  Peaks  in  the  NIEL -deposition  spectra  correspond  to  the 
recoils  of  different  nuclear  fragment  isotqies.  The  increase  in  pixel  dark  current  from  sudi  events  is  a 
design  constiaint  for  the  use  CCDs  in  satellite  communications,  hyperspeciral  imaging  and  other 
applications  which  require  low  noise  imaging.  Individual  pixels  can  be  functkmally  impaired  from 
single-event  NIEL  even  with  minimal  exposure,  oontributing  both  transient  signals  and  permanent 
changes  in  the  performance  ot  specific  pixels.  At  high  fluenoe,  the  qxdlation  reactions  will  be  responsibk 
for  at  least  half  the  increased  pixel  noise  and  dominate  the  shape  of  the  of  the  measured  noise  spectra. 
Calculations  show  good  agreement  with  previously  measured  qiectia.  We  presently  are  evaluating  the 
effects  of  such  reactions,  as  generated  by  dpha  particles,  on  bare  KAF-0400  CCDs  from  Eastman  Kodak. 


Displacement  damage  in  silicon  in  or  near  the  dep^on  regions  of  reverse-biased  junctions  results  in 
increased  noise  currents  across  the  junctioa  Measurements  with  protons  have  involved  high  proton 
fluenoe  where  the  noise  appears  to  increase  gradually  with  continued  exposure  (1-3).  The  damage  and 
the  induced  dark  current  are  proportional  to  the  Non-Ionizing  Energy  Lom  (NIEL)  dqmsited  in  the 
sensitive  volumes  associated  with  the  junctions  (4).  Individual  qiallation  events  can  generate  significant 
amounts  of  NIEL  within  individual  pixels  of  COC^  CIDs,  and  similar  photometric  devices  which  suggest 
that,  for  low  noise  applications  such  as  satellite  communication  and  byperqwctral  imaging,  the  amount  of 
dark  current  generated  by  a  single  Elation  reaction  may  interfere  with  reliabk  pixel  fiinctioo. 

The  CUPID  simulation  codes  have  been  used  extensively  to  predict  the  kinematics  of  proton-induced 
spallation  reactions.  In  calculations,  all  secondary  particles  are  followed  to  determine  the  energy 
deposition  by  the  incident  proton  and  all  secondaries  within  the  sensitive  volume.  The  sensitive  volume 
has  microscopic  dimensions  typical  of  the  sensitive  volumes  associated  with  the  junctions  of  modem 
microelectronic  circuits.  The  agreement  between  measured  charge-collection  qiectra  and  CUPID 
simulations  for  surface-barrier  particle  detectors  (5)  and  SRAM  memories  (6)  give  some  confidence  in  the 
code's  ability  to  predict  the  kinematics  of  the  nuclear  interaction  with  silicon  as  the  target  nucleus  and  to 
detennme  \ht  s«d>sequent  energy  loss  in  the  sensitive  volume.  The  code  was  modified  to  calculate  the 
NIEL  component  rtf'  the  energy  deposition  and  record  it  so  that  the  disfdacement  damage  and  the 
consequent  noise  currents  could  be  predicted. 

Figure  1  is  a  plot  of  the  ionization  loss  and  the  NIEL  components  of  the  LET  as  a  fiinction  of  the 
partkk's  incident  energy.  The  NIEL  is  concentrated  at  low  ion  ettergies  near  the  end  of  the  partick's 
range.  As  a  result,  the  NIEL  measured  for  a  given  ion  species  doesn't  depend  strongly  on  the  incident 
energy  as  long  as  the  particle  stops  in  the  active  region  of  the  detector  and  the  active  region  is  large 
enough  to  contain  the  portion  of  the  trajectory  with  significant  NIEL.  This  is  illuArated  in  Fig.  2  where 
the  NIEL  speOn  are  shown  for  different  thicknesses  of  the  sensitive  volume.  The  peaks  become 
protKMinced  as  the  thickness  increases.  These  simulated  spectra  do  not  take  the  accumulated  effect  a( 
exposure  of  the  pixels  in  an  array  where  the  effects  of  elastic  scatters  and  multiple  spallation  events  must 
be  taken  into  account 


S-2 


To  examine  theae  effects,  the  code  was  modified  to  distnlxite  the  ilxUlatioii  cvcott  fandomly  among  the 
pixels  of  an  array  of  10.000  pixels.  Finire  3a  shows  the  NIEL  spectra  for  the  spallatioo  reactioos 
fidlowing  an  exposure  at  1.4E1 1  cm*^.  Each  pixel  has  experienced  the  average  of  more  than  ten 
spallation  reactioas.  There  is  only  a  slight  hint  of  the  peaks  due  to  the  different  isotopes.  Each  pixel  would 
also  have  been  subject  to  hundreds  of  elastic  scattering  events  with  very  little  energy  transfer  per  event 
Figure  3b  shows  the  effect  at  including  the  elastic  and  inelastic  events  in  one  spectrum.  The  peak 
position  has  shifted  considerably  compared  to  Fig.  3a,  suggesting  that  the  total  NIEL  has  roug^  equal 
oontributioos  from  elastic  and  inelastic  interactions.  However,  the  shape  of  the  spectrum  is  determined  by 
the  spallation  reactions  alone. 

Figure  4  compares  the  simulation  spectrum  with  the  experimental  measurements  of  Marshall  et  al  (3) 
carried  out  with  a  silicon  CD  circuit  exposed  to  protons  incidem  at  63  MeV.  The  measured  and 
calculated  spectra  were  normalized  to  the  same  t^  number  of  events.  The  simulations  are  in  excellent 
agreement  with  the  measured  spectrum.  Marshall  et  al  (3)  were  able  to  fit  their  q)ectrum  with  a  statistical 
^loach  valid  when  the  mean  number  of  spallation  reactions  exceeds  ten.  The  current  model  is  not 
restr^ed  to  high  multiple  q)allation  events.  The  final  paper  will  include  predictions  of  the  NIEL  spectra 
for  a  range  of  fluence  from  the  region  where  there  is  1^  than  one  per  pixel  up  to  ten  m  more.  Thera 
predictions  will  be  compared  with  the  results  of  the  measurements  currently  being  made  on  the  Kodak 
CCDs,  where  the  device  and  model  geometry  are  similar. 
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Fig.2.  Number  of  events  versus  the  non  ionizing  energy  loss  per  event 
for  sensitive  volume  with  the  same  but  different  thid^ncpt  exposed 
to  the  same  number  of  {MToton^  The  thickness  are  2/«r,  lO/air. 
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Fig.4.  Comparison  ct  the  simulation  spectiero  with  the  experimental  measurements  of  Marshall  et  al(3) 
carrid  out  with  a  silicon  CID  circuit  exposed  to  protons  incident  at  63  Mev.  Square  rqwesents 
experimental  data  and  triangle  represents  calculation  data. 
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ABSTRACT 

Conqwter  simulations  show  that  the  strong  angular 
depe^noe  exhibited  by  proton-induced  single-event  latch-tq> 
can  be  exfdained  by  a  siinple  mechanism.  Latch-up  occurs  i^ 
and  only  if.  more  than  some  threshold  amount  of  energy  is 
deposited  within  the  sensitive  volume.  A  procedure  for 
determining  the  SEU  parameters  by  comparing  SEU  cross 
sections  and  CUPID  simulations  at  d^erent  incident  energies 
and  angles  of  incidence  is  described.  The  thidcness  of  the 
sensitive  vdume  and  the  value  of  the  critical  charge 
determined  for  the  NEC  4464.  a  64  Kbit  CMOS  SRAM, 
agrees  with  the  measured  thickness  of  the  p-well  and  the 
value  rtf'  the  threshold  LET  determined  with  heavy  ions. 


INTRODUCTION 

Proton-induced  Single  Event  Latch-up  (SEL)  is  a  recent 
phenomena  first  observed  when  modem  conunercial 
microelectronics  were  flown  in  orbits  that  intercept  the  inner 
radiation  belts  (1.2).  This  paper  outlines  a  $im(de  model  for 
SEL  that  strong  rcsenrirles  the  First-Order  Model  for  single 
event  upsets  (3).  The  model  assumes  that  there  is  a  sensitive 
vdume  associated  with  each  memory  cell  and  of  the  energy 
deposited  (i.e  charge  generated)  within  the  sensitive  vdume 
contributes  to  the  probability  rtf'  an  upset  while  nrnie  of  the 
charge  deposited  outside  the  sensitive  volume  contributes.  A 
latch-up  occurs  if,  and  only  if,  more  than  some  threshold 
amount  of  energy  is  deposited  within  the  sensitive  volume. 
This  model  provides  a  simple  explanation  for  the  lar^ 
increase  in  the  proton-induced  SEL  cross  section  with 
increaring  angle  of  incidence  (2).  The  sensitive  volume  for 
SEL  is,  in  general,  different  than  the  sensitive  volume 
associated  with  SEU,  and  the  amounted  energy  which  must 
be  deposited  to  initiate  an  SEL  is  different  than  the  value 
required  for  SEU  in  the  same  device.  For  the  NEC  4464  it  is 
slightly  smaller.  The  value  of  the  critical  charge  (in  pC) 
required  for  latch-<q>  can  be  obtained,  as  for  SEU,  from  the 
threshold  energy  (in  MeV)  by  dividing  the  latter  by  22  NfeV/ 
pC. 

Procedures  are  described  for  determining  the  SEL 
parameters,  the  dimensions  of  the  sensitive  volume  and  the 
value  of  the  critical  charge,  by  comparing  the  measured  SEL 
cross  sections  with  CUPID  simulations  (4)  at  different 
incident  energies  and  angles  of  incidetm.  For  the  NEC  4464, 
the  area  of  the  sensitive  volume  was  already  known  from 


measurements  of  SEL  crocs  sectkMis  with  fisskm  fiagmeais 
and  heavy  ions  (S).  It  remained  to  determine  the  thickrress  of 
the  sensitive  volume  and  the  threshold  energy.  This  requires  a 
minimum  of  two  SEL  measurements,  in  this  case  data  was 
available  at  an  incident  energy  of  60  MeV.  at  normal  and 
grazing  incidence  (2). 

CUPID  SIMULATIONS  OF  SPALLATION  REACTIONS 
The  CUPID  sirtnilation  model  (4,6)  is  used  in  wdutt  fidlows  to 
apply  the  model  to  the  test  data  for  the  NEC  4464,  a  64  Kbit 
SRAM  known  to  latch-up  in  qtace,  and  for  vriiidi  proton  and 
heavy-ion  test  data  exist.  The  standard  output  of  CUPID  is  a 
plot  (ff  the  cross  section  for  depositing  at  least  energy  e  versus 
E..  Such  a  plot  is  labeled  *all*  in  Fig.  1  for  60  MeV  protons 
iracident  on  a  sensitive  volume  typical  of  sortre  devices.  Also 
included  for  comparison  are  calodations  of  the  cross  sections 
for  events  in  which  the  recoil  or  secondary  alphas  deposit  u 
least  energy  e .  Clearly,  it  is  the  recoil  which  is  responrible  for 
most  of  the  large  hx^ized  energy  depositions  which  initiate 
SEL  and  SEU  events. 


FIGURE  1.  Cross  section  for  dqxrsiting  at  least  energy  S 
versus  C  for  60  MeV  protons  incident  on  a  sensitive  volume 
of  siliam  having  dimensions  of  7  pm  x  7pm  x  2.2  pm 
surrounded  on  all  four  sides  by  a  thidcraess  of  4  pm.  Plots  are 
drawn  ftx  the  relative  contributions  from  all  charged 
secondaries,  the  recmling  nuclear  fragments  alone,  arad  the 
secondary  alphas  alone. 
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The  dominanoe  of  the  nuclear  recoil  mandates  a  closer  look  at 
the  kinanatks  of  the  recoiling  nuclear  fragments.  Figure  2  is 
the  energy  q)ectrum  fw  the  fragments  recoiling  after 
spallation  reactions  induced  by  60  MeV  protons  incident  on 
silicon  target  nuclei.  The  nuclear  fragment  can  sometimes 
recoil  with  a  significant  fraction  al  the  incident  proton's 
energy,  something  not  possible  in  elastic  interactions.  The 
recoil  has  a  very  short  range  and  deposits  all  its  energy 
locally. 


RECOIL  ENERGY  DISTRIBUTION 


FIGURE  2.  Energy  spectrum  of  the  residual  nuclear 
fragments  recoiling  after  spallation  reactions  induced  by  60 
MeV  protons  incident  on  silicon  target  nuclei. 


LET  SPECTRUM  for  RECOILS 


FIGURE  3.  Average  LET  for  the  recoiling  nuclear 
fragments  following  q)aIIation  reactions  between  60  MeV 
protons  and  silicon  target  nuclei. 


The  value  of  the  LET  of  these  recoils  change  rqndly  as  thqr 
progress  through  the  sensitive  volume,  but  an  average  LET 
can  be  defined  as  the  ratio  of  the  recoil  energy  and  the 
particle’s  range.  The  distribution  of  average  LET  for  these 
recoiling  nuclear  fragments  is  shown  in  Fig  3.  The  LET  of 
recoiling  nuclear  fragments  of  silkxm  are  limited  to  values 
below  9  MeV-cm^/mg  as  can  be  seen  in  the  figure.  This  is 
sometimes  erroneously  inter|»Med  as  indicating  that  a  part 
will  be  insensitive  to  protons  if  the  threshold  LET  measured 
with  heavy  ions  is  above  10  MeV-cm^/mg.  ProtoiMnduoed 
SEL  and  proton-induced  SEU  are  both  probkms  in  space  for 
the  NEC  4464  despite  the  fact  that  the  threshold  LET  for  both 
phenomena  are  above  10  MeV-cm^/  mg.  10  MeV  /  cm^  /mg 
is  a  proper  upper  limit  to  the  LET  al  recoiling  nuclear 
fragments  from  spallation  reactions,  those  fragmoits  typically 
enter  the  sensitive  volume  at  some  angle  of  incidence,  and 
there  effective  LET  can  be  considerably  higher  dqtending  on 
the  dimensions  of  the  sensitive  volume  and  the  mientation  of 
the  trajectory. 


RECOIL  ANGULAR  DISTRIBUTION 


FIGURE  4.  Angular  distribution  of  the  recoiling  nuclear 
fragments  following  spallation  reactions  between  60  MeV 
protons  and  silicon  target  nuclei. 

The  kinematics  of  the  recoiling  fragmem  explain  the 
dependence  of  the  SEL  cross  section  on  angle  of  incidence 
ob^rved  with  the  NEC  device  (2).  Figure  4  shows  the 
angular  distnbution  of  the  nuclear  recoils  emerging  from  the 
spallation  reactions  at  60  MeV  plotted  as  number  of  events 
versus  cosine  of  the  angle  of  the  recoil  relative  to  the  incident 
direction.  The  residual  nuclear  fragments  clearly  recml  in  the 
forward  direction.  If  the  sensitive  volume  is  thin  compared  to 
its  lateral  dimensions,  much  less  energy  will  be  deputed  in 
^)al]ation  reactions  initiated  by  protons  incident  parallel  to 
tte  small  dimension  than  will  be  deposited  in  reactions  where 
the  protons  are  incident  parallel  to  one  of  the  long 
dimensions.  On  the  other  hand,  if  the  sensitive  volume  is 


T-3 


diaped  more  like  a  cube,  there  will  be  little  or  no  angular 
dependence.  Thia  tensitivity  of  the  angular  dependence  of  the 

craa  section  fernut  the  basis  for  determining  the  correct 
value  of  the  thickness  of  the  sensitive  volume.  However, 
more  detailed  calcuhttions  are  required  to  e>q>lain  the  angular 
dqpendanoe  quantitatively  because  tmly  a  small  fraction  of  the 
recoils  in  Fig.  4  deposites  omugh  energy  to  induce  latchup. 

DIMENSIONS  OF  THE  SENSITIVE  VOLUME 
Measurements  I9  Goka  a  al  (1,3)  using  heavy  ions  show  a 
plaeau  in  the  SEL  cross  section  jotted  versus  LET  of  0.18 
cm^  per  device  or  273  (un^  per  bit  This  device  was  also 
examined  under  SEM  and  opti^  microsoopes  at  the  National 
Mkroekctfonics  Researdi  C^tre  at  Cork  (Ireland).  They 
determined  the  area  of  the  memory  cell  to  be  380  .  The 

measured  SEL  cross  section  is  more  than  half  the  area  of  the 
memory  cdl.  and  it  isconsistettt  with  the  area  of  thep-well 
since  t^  p-well  oomains  the  n-channel  transistor  which  is 
usually  larger  than  the  p<hannel  transistor.  The  latch-up  is 
normally  assumed  to  be  due  to  a  current  in  the  base  (p-s^) 
which  turns  on  two  parasitic  transistors  creating  a  low 
resistance  path  between  power  and  ground.  In  what  follows, 
we  have  u^  plateau  value  of  the  per  bit  SEL  cross  section 
measured  with  heavy  ions  to  estimate  the  area  sensitive 
volume.  Further  we  assume  that  the  sensitive  volume  is  a 
square  parallelepiped.  The  p-well  is  more  likely  to  be  a 
rectangular  parallelepiped,  and  it  may  have  at  least  one  very 
long  dimension  because  in  high  density  devices  the  p-wells 
are  typically  not  isola>ed.  Furthermore,  the  charge  collection 
from  an  ion  strike  at  a  given  LET  will  depend  on  position 
because  of  the  well  resistance  to  ground  contact  varies  with 
positioiL  The  effect  of  this  position  dependence  results  in 
broadening  in  the  peak  the  charge  collection  spectrum  at 
the  well  junction  and  stretches  the  threshold  region  of  the 
response  curve  for  SEL  cross  section  versus  LET.  The  effect 
cf  a  very  long  dimension  for  the  well  is  probaly  important  for 
proton  testing  because  each  cell  biases  its  own  ground  contacts 
which  determines  the  response  of  that  cell,  and  the  recoiling 
nuclear  fragments  which  dominate  the  SEL  response  typically 
have  ranges  less  than  20  ^IIL  Simulations  were  found  not  to 
be  very  sensitive  to  whether  the  area  of  the  well  was  assumed 
to  be  square  or  rectanglur  with  in  the  values  typical  of  CMOS 
SRAMs. 


FIGURE  3a.  Cross  section  for  depositing  at  leiMt  energy  S 
{dotted  versus  f  for  |>rotons  incident  on  a  sensitive  volume 
having  dimensions  16.6  pm  x  16.6  pm  x  1  pm.  Curves  are 
drawn  fw  normal  and  grazing  incidence.  The  horizontal  lines 
ate  the  measured  SEU  cross  sections,  and  they  terminme  on 
the  curve  for  the  corresponding  ang^  of  incidenoe  at  point 
where  the  abscissa  coordinate  equals  the  critical  charge. 


FIGURE  Sb.  Same  plots  for  a  sensitive  vtdume  having 
dimensions  16.6  pro  x  16.6  pm  x  8.0  pm. 

The  simulations  show  the  latch-up  cross  section  to  be  sensitive 
to  both  the  thiduiess  aixi  the  ait^e  of  incidenoe.  This  can  be 
used  to  obtain  an  independent  chedc  on  the  thidmess  (ff  the 
sensitive  volume.  This  is  illustrated  in  Fig.  3  where  the 
integral  energy-de|)osition  qpectrum  is  plotted  as  the  cross 
section  for  depositing  mote  than  some  energy  e  versus  e  for 
normal  and  grazing  iitcidence.  The  sensitive  volume  is 
assumed  to  be  a  square  parallelepifted  with  the  {trotons 
incident  either  normal  to  the  square  sur&oe  or  grazing,  i.e., 
at  right  angles  to  the  normal.  Both  the  simulated  and  the 
measured  SEL  cross  sections  were  different  fi>r  the  two  cases. 
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The  measured  values  of  the  SEL  cross  section  are  plotted  as 
horizontal  lines  originating  at  the  ordinate  and  terminating  at 
the  simulation  curve  oorre^nding  to  that  angle  of  incidence. 
The  coordinate  on  the  abscissa  maricing  this  termination 
(vertical  line)  is  the  threshold  energy  dqxKition  estimated  for 
that  thickness,  and  the  critical  charge  can  be  obtained  by 
dividing  by  22  MeV/pC.  However,  the  critical  charge  should 
not  depend  on  the  angle  of  incidence.  When  the  thickiMss  is 
1  pm,  as  it  is  in  Fig.  Sa,  the  estimates  of  threshold  ate  quite 
different  for  normal  and  grazing  incidence.  However,  when 
the  thidcness  is  assumed  to  be  8  pm,  as  in  Fig.  Sb,  the 
estimates  for  the  two  angles  of  incidence  in  good  agreement. 
Presumably,  the  correct  thidcness  is  closer  to  8  pm  than  1pm. 
This  leads  to  a  simple  analysis  to  obtain  a  value  of  the 
thidcness  which  best  fits  the  data. 

Figure  6  plots  the  magnitude  of  the  difference  between  the 
threshold  values  obtained  for  grazing  and  normal  incidence 
versus  the  value  of  the  thickness  assumed  for  the  sensitive 
volume.  The  values  are  fit  tqr  a  simple  second-degree 
polynomial  shown  as  a  solid  curve.  The  curve's  minimum  is  at 
6.7  pm  and  this  thidcness  is  in  excellent  agreement  with  the 
value  of  7. 1  pm  for  the  depth  of  the  p-well  measured  using 
SEM(7). 


FIGURE  6.  Magnitude  of  the  difference  between  the  normal 
and  grazing  estimates  of  the  critical  charge.  The  correct 
dimensions  of  the  critical  charge  should  result  in  the 
minimum  difference. 

DETERMINATION  OF  THE  CRITICAL  CHARGE 
Assiuning  a  thickness  of  6.7  pm,  the  value  of  the  threshold 
energy  needed  for  latch-up  is  14.2  MeV  as  obtained  from  a 
curve  similar  to  Fig.  5b.  The  corresponding  value  of  the 
critical  charge  obtained  by  dividing  by  22  MeV/pC  is  0.65  pC. 
To  initiate  latchup  at  normal  incidence,  a  heavy  ion  must 
deposit  of  14.2  MeV  along  a  segments  of  trajectory  of  6.7  pm 


which  corresponds  to  a  threshold  LET  (for  50%  of  the  plateau 
cross  section)  at  itoimal  inddence  of  9±1  MeV-cm^/mg.  The 
value  the  LET  correqwnding  to  50%  of  plateau  obtained  from 
the  data  of  Goka  et  al  (1,5)  combined  with  the  data  of  Adams 
et  al.  (2)  is  1 1±3  MeV-cm^/mg.  This  agreement  is  quite  good 
considering  the  fact  that  Goka's  data  is  on  different  devices 
than  the  one  tested  with  protons. 

APPLICABILITY  TO  SEU 

The  procedures  described  above  for  determining  the  values  of 
the  thickness  (ff  the  sensitive  volume  and  the  critical  charge 
can  be  applied  to  any  single  event  effect  (SEE)  for  which  the 
First-Or^  Model  is  applicable.  Table  1  summarizes  the 
comparisons  of  the  thickness  obtained  with  this  procedure  to 
date  with  values  obtained  from  charge  collection  q)ectrosoopy 
(CCS),  SEM,  and  the  epi  thiduiess  plus  1pm,  an 
ai^roximation  for  the  upper  limit  of  the  possible  thiduiess  of 
tte  sensitive  volume.  It  appears  that  this  procedure  gives  a 
good  estimate  of  the  thickness  in  cases  whm  the  area  of  the 
sensitive  volume  is  already  known.  If  data  set  is  eiqianded  by 
including  other  incident  energies  and  angles  of  inddence 
about  two  symmetry  axes  of  the  device,  it  should  be  possible  to 
determine  all  three  dimensions  of  the  sensitive  volume  fiom 
measurements  of  proton  SEE  cross  sections  alone.  In  that 
case,  it  should  be  the  standard  deviation  of  the  values  of  the 
critical  charge  obtained  which  should  be  minimized. 


TABLE  1;  THICKNESS, 


DEVICE 

jK^II 

mKSM 

mmm 

■nBS 

IDT6116 

13.6 

13.1 

NEC4464 

6.7 

7.1 

HC6364 

5.0 

5.3 

AMD93LI22 

0 

3.1 

3.0 

*  Not  available  because  of  Bipolar  amplification 

PREDICTIONS  OF  THRESHOLD  LET 
If  the  values  of  the  threshold  energy  e  required  for  an  SEE 
and  the  thickness  of  the  sensitive  voIuiik  t  are  known,  the 
threshold  LET  (50%  of  plateau)  for  a  material  of  density  p 
can  be  estimated  from  the  following: 

LET  «  e/  t  X  p 

The  values  of  the  threshold  LET  obtained  with  these 
procedures  are  compared  in  Table  2  to  values  measured  with 
heavy  ions  and  available  in  the  literature  (8).  The  agreement 
is  good  within  the  error  limits  of  the  heavy  ion  data.  More 
study  is  required  before  estimates  of  the  error  limits  can  be 
put  on  the  proton  values,  but  the  preliminary  results  are 
encouraging. 
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TABLE  2;  THREfflOLD  LET. 


DEVICE 

|||||KQnTiJ||l 

SEE 

NEC  4464 

9±1 

II  ±3 

Latchup 

IDT  6116 

S.8 

6.0  ±1.0 

HTSS: 

AMD93L422 

1.4 

1.8 

mssm\ 

HC6364 

10 

<I8** 

Upset 

**  No  measurements  are  availaUe  for  LET  below  this  value.  No 
evidence  of  threshold  at  this  value  or  above. 

CONCLUSIONS 

Simulations  show  that  proton'induced  SEL  can  be  explained 
by  localized  concentrations  of  energy  deposition  rating 
fiom  spallation  reactions.  The  increase  in  SEL  cross  section 
observ^  with  increasing  angle  of  incidence  is  consistent  with 
the  First*Order  Model  which  assumes  that  SEL  occurs,  if  and 
only  if,  at  least  a  threshold  amount  of  energy  is  dqxKited 
within  a  sensitive  volume  with  dimensions  which  are 
independent  of  the  type  of  radiation  incident.  The  sensitivity 
of  the  SEL  cross  section  to  the  energy  of  the  incident  proton 
and  the  angle  of  incidence  allows  for  the  dimensions  of  the 
sensitive  volume  to  be  determined  by  matching  the  data  to 
CUPID  simulations  at  each  angle  and  energy.  The  oorrea 
dimensions  of  the  sensitive  volume  are  those  which  result  in 
the  smallest  variation  in  the  values  of  the  threshold  energy 
(critical  charge)  at  which  the  simulations  match  the  measured 
cross  sections.  In  this  manner  all  the  SEU  parameters  can  be 
determined.  A  limited  trial  was  carried  out  for  the  NEC  4464, 
a  CMOS  SRAM  for  which  proton  and  heavy*ion  SEL  data 
were  available.  The  values  of  the  thickness  the  sensitive 
volume  is  in  agreement  with  the  thickness  of  the  p-well 
measured  by  SEM.  The  threshold  LET  (50%  of  Plateau)  to  be 
expected  for  heavy  ions  at  normal  incidence  determined  from 
the  thickness  of  the  sensitive  volume  and  the  critical  char^ 
obtained  with  protons  is  in  excellent  agreement  with  the  value 
measured  with  heavy  ions.  This  agreement  is  consistent  with 
the  results  of  a  parallel  analysis  of  SEU  (8).  This  analyris 
was  meant  to  be  a  test  of  whether  the  First-Order  Model  c^d 
be  applied  to  SEL.  The  model  forms  the  basis  for  predictions 
oi  SEU  rates  in  qiace  using  CREME  for  heavy  ions  and 
CUPID  for  protons.  The  results  presented  here  and  in  the 
analysis  of  SEU  in  reference  8  in^cate  that  the  FirstOrder 
Model  is  sufficient  to  fft  the  data  without  corrections  for 
iimneling  as  long  as  proper  techniques  are  followed  to 
estimate  the  proper  dimensions  to  be  used  in  the  sensitive 
volume.  Funneling  and  diffusion  are  only  included  in  the 
model  indirectly  in  term  of  thickness  of  the  sensitive  volume 
that  is  generally  much  thicker  than  the  depletion  region. 
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ABSTRACT 

Single  event  phenomena  in  biological  organisms  are  compared  with  similar 
phenomena  in  microelectitHuc  circuits  and  the  similarities  and  differences  are  discussed.  Both 
types  of  phenomena  appear  to  obey  the  same  model,  at  least  to  First  order.  The  general 
applicability  of  this  first-order  model  apprars  to  reflect  the  need  to  operate  despite  the  nc»se 
inherent  in  the  storage  and  processing  of  information  within  microscopic  volume  dements. 
Arrays  of  p-n  junctions,  each  having  dimensions  of  a  few  microns,  are  proposed  as 
solid-state  microdosimeters. 


INTRODUCTION 

Modem  microelectronic  circuits  respond  to  the  heavily  ionizing  radiations  of  space  in 
ways  which  resemble  the  effects  the  same  radiations  have  on  biological  organisms  (McNulty, 
1983,  1988  and  to  be  published).  These  similarities  Fust  became  prcmounced  when  dicuit 
designers  began  to  design  spacecraft  systems  around  microelectronic  chips  whose  transistors 
had  dimensions  in  the  size  range  typical  of  biological  cell  nuclei.  At  that  point,  circuits 
exhibited  single-event  phenomena  initiated  dther  by  the  traversal  of  sensitive  microstructures 
by  individual  cosmic-ray  ions  or  by  one  or  more  p^cles  from  a  nearby  nudear  reaction 
(McNulty,  1983).  Moreover,  there  are  similarities  in  the  response  curves  when  the  cross 
sections  for  single-hit  phenomena  are  plotted  versus  the  LET  of  the  incident  heavy  im.  In  this 
paper,  we  explore  the  possibility  that  these  similarities  in  response  may  form  the  basis  for 
using  microelectronic  circuits  as  microdosimeters  for  astronauts  flying  on  future  space 
missions.  We  will  also  demonstrate  that  accelerator  exposures  of  microstructures  can  generate 
the  data  necessary  to  test  those  models  which  predict  the  energy  deposition  within  sensitive 
microvolumes. 

A  circuit  is  proposed  for  measuring  the  energy-deposition  events  in  an  array  of  as 
many  as  two  million  junctions  where  each  volume  element  has  dimensions  typical  of 
biological  cell  nuclei.  Furthermore,  commercial  lithographic  techniques  can  be  used  to 
customize  the  dimensions  and  shape  to  represent  different  target  suuctures. 


Biototical  EJJSecif  md  Phytiet  ^  Seiar  md  Galactic  Cosmic  Radiaskm, 
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Analogies  with  Radiobiological  Effects 


Single-event  phenomena  are  those  which  are  initiated  by  a  single  energetic  panicle. 
The  normal  macroscopic  units  of  exposure,  dose  and  dose  equivalent,  cannot  easily  be 
applied  to  single-event  phenomena  because  they  do  not  predict  the  probability  that  a  given 
microstructure  will  be  traversed  by  an  ionizing  panicle  or  the  probability  that  its  &ing 
traversed  will  produce  an  effect,  with  the  trivial  e.xception  of  predicting  the  exposure  to 
identical  monoenergetic  particles  whose  effects  have  already  been  measured.  In  other  words, 
the  measured  response  from  exposure  to  one  ty  pe  of  heavily  ionizing  radiation  cannot  be  used 
to  predict  the  response  to  another  type  of  radiation.  Single-event  phenomena  involving 
damage  or  a  permanent  change  in  at  least  one  microstructure  on  a  dev  ice  are  called  hard 
errors.  Chromosome  aberrations  are  biological  single-event  hard  errors.  Errors  are  said  to  be 
soft  when  information  or  logic  flow  is  altered  without  any  direct  damage  to  any  part  of  the 
circuit.  The  device  works  as  well  after  a  soft  error  as  before,  only  it  is  now  processing 
erroneous  information.  Since  more  data  is  available  for  soft  errors  than  for  damaging  events, 
they  will  be  emphasized  in  what  follows. 

Two  types  of  soft  errors  are  know  n  to  have  biological  analogies.  A  single  event  upset 
(SEU)  is  said  to  occur  when  the  information  stored  in  a  memory  cell  is  altered  without  direct 
damage  to  the  microstructures  involved.  Its  biological  equivalent  is  the  somatic  mutation 
which  involves  changes  in  the  genetic  code  stored  in  the  DNA.  Both  types  of  soft  error  can 
have  catastrophic  effects  on  the  system.  Mutations  in  cells  which  remain  healthy  can  be 
harmless  or  can  lead  to  serious  organic  illnesses  like  cancer.  Similarly,  the  loss  of  information 
stored  in  a  memory  can  be  important  if  it  is  pan  of  a  critical  instruction.  The  second  type  of 
soft  error  known  to  have  a  biological  equivalent  is  the  single-event  transient  (SET).  Tfie  SET 
is  a  transient  signal  generated  by  a  radiation  event.  The  SET  is  treated  as  a  valid  logic  signal 
by  the  system  and  may  lead  to  some  unforeseen  consequence.  Both  SEUs  and  SETs  have 
been  known  to  trigger  catastrophic  results  such  as  unscheduled  rocket  firings,  system 
shutdowns,  and  loss  of  contact  with  the  ground  station  (McNulty,  1991).  The  visual 
phenomena  experienced  by  Apollo  astronauts  are  examples  of  biologic^  SETs  (Pinsky  et  al, 
1974). 

The  propagation  of  errors  resulting  from  an  isolated  SEU  or  SET  in  a  logic  network  is 


Figure  1.  Error  Propagaiioa  in  the  Intel  806186  Picroprocessor.  Light  and  Dark  Areas  Represent  Difleicat 
Voltage  States  on  the  First  Two  SEM  Photographs  (Pinsky  et  al,  1974). 
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illustrated  for  the  Intel  80186  microprocessor  in  a  series  of  electron  microscope  photographs 
(Fig.  1)  taken  by  Tim  May  (May.  1984).  The  voltage  levels  and,  therefore,  the  logic  states  of 
the  gates  of  the  microprocessor  are  represented  as  light  and  dark  areas  on  the  phr^graphs  of 
Fig.  1.  The  fault  free  micrograph  of  the  device  taken  after  machine  cycle  86  of  a  programmed 
sequence  is  shown  in  the  image  on  the  left  in  the  top  row  .  The  next  image  shows  the 
micrograph  taken  after  step  86  and  a  single  error  has  been  introduced.  No  difference  between 
such  complicated  photographs  is  noticeable  to  the  eye.  The  third  image  on  the  top  row  is  the 
difference  between  the  first  two,  i.e.,  lighted  points  in  the  third  image  represent  those  pixels 
which  appear  lighted  in  one  of  the  precising  images  but  not  the  other.  The  light  spot  in  the 
third  ima^  on  the  top  row,  then,  represents  the  location  of  the  original  error.  Unfortunately,  a 
single  point  is  barely  distinguishable  from  the  photographic  reprc^ucing  noise  in  Fig.  1.  The 
microprocessor  then  operal^  normally  and  micrographs  w  ere  taken  after  each  machine  cycle. 
Each  image  numbered  above  86  in  Fig.  1  represents  the  difference  between  the  fault  image 
and  the  fault-free  image  after  the  same  number  of  machine  cycles.  The  error  points  spread 
over  the  images,  contract,  then  spread  again  in  complicated  patterns.  It  lakes  a  large  number 
of  machine  cycles,  in  this  case  twenty,  before  any  of  the  errors  reach  a  bond  pad  .  Only  after 
an  error  reaches  die  edge  of  the  die  is  the  problem  observable  to  the  world  outside  the  chip. 
The  outside  world  sees  a  pattern  of  erroneous  information  on  the  pins  of  the  device  that  bear 
little  resemblance  to  the  simple  change  that  was  first  introduced.  The  complications  to  the 
system  caused  by  an  error  of  this  type  are  not  the  direct  result  of  the  error  but  rather  the  result 
of  the  system  operating  on  the  false  information  subsequently  generated. 

Astronauts  experienced  SET s  in  the  form  of  visual  experiences  both  w  hile  in  deep 
space  during  the  Apollo  program  (Pinsky  et  al,  1974)  and  while  in  low  earth  orbit  on  Skylab 
and  Shuttle  missions  (Pinsky  et  al.  197S).  One  feature  of  the  light  flash  phenomena  which 
puzzled  workers  during  the  Apollo  program  can  now  be  seen  as  similar  to  w  hat  has  just  been 
described  for  logic  circuits.  Descriptions  of  the  visual  experiences  given  by  astronauts  on 
Apollo  and  those  given  by  scientists  exposed  under  controlled  conditions  at  accelerators 
typically  included  features,  both  physic^  and  temporal,  which  clearly  differed  from  the 
physical  events  at  the  retina.  Figure  2  shows  the  two  types  of  particle  events  known  to  induce 
visual  experiences  in  space.  Traversals  of  the  retina  by  cosmic  rays  in  deep  space  generated 
streaks  and  large  bright  flashes  (Budinger,  Lyman  and  Tobias,  1972;  McNulty  et  al,  1972) 
while  nuclear  reactions  induced  by  protons  in  the  portion  of  the  radiation  belt  known  as  the 
South  Atlantic  Anomaly  produced  pant  flashes  (Pinsky,  1975;  Rothwell,  Filz  and  McNulty, 


COSMIC  RAY 


Figure  2.  Cosmic  Ray  loddent  oo  Ibe  Retina  of  Ihe  Human  Eye  and  a  Nuclear  Spallation  Reaction.  These  ae 
the  Two  Physical  Events  Kuowo  to  Initiate  Visual  Phenomena  in  Astronauts  Hying  in  Space. 
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^  CHOROID 

Figure  3.  Schematic  of  the  Functional  Visual  Signal  Processing  Unit  on  the  Peripheral  Retina.  The  A.xoas  of 
the  Ganglion  Cells  Form  the  Optic  Nerve  Fibers  which  Lead  to  the  Central  Nervous  System. 


1976).  The  nuclear  events  generated  short-range  recoiling  nuclei  which  deposited  a  relatively 
large  amount  of  energy  witlun  a  small  region  of  the  retina.  The  fact  that  such  localized 
generations  of  ionizations  re^it  in  the  experience  of  point  flashes  of  light  was  predictable. 
However,  the  streaks  observed  in  deep  space  and  at  accelerators  did  not  appear  to  correlate  so 
nicely  with  the  physics  of  the  inducing  events.  The  streaks  often  had  curvature  and  were 
broken  in  two  or  three  places.  Large  bright  flashes  sometimes  were  followed  by  slower 
streaks  elsewhere.  This  temporal  sequence  was  consistently  reported  despite  the  fact  that  the 
particle  events  were  obviously  instantaneous  compared  to  the  time  constants  of  any  neural 
processing.  Moreover,  their  trajectories  were  straight  and  intersected  the  retina  at  one,  or  at 
most,  two  places.  These  apparent  discrepaiKies  clearly  result  from  neural  processing  by  the 
retina  and  the  central  nervous  system. 

The  First-Order  Model 

The  prediction  of  soft-error  rates  in  space  began  with  the  light-flash  phenomena.  The 
organization  of  the  retina  and  its  response  to  optical  light  at  near  threshold  intensities  were 
well  known  and  this  provided  a  basis  for  developing  a  model  of  its  response  to  ionizing 
radiation.  The  functional  unit  of  the  peripheral  retinal,  shown  schematically  in  Fig.  3, 
corresponds  roughly  to  the  region  monitored  by  a  single  ^glion  cell.  The  lateral  dimensions 
of  this  region,  known  as  a  summation  area,  can  be  determine  by  probing  with  small  ^ts  of 
light  The  thickness  of  this  sensitive  volume  is  Just  that  of  the  layer  of  the  rod  cell  outer 
segments.  These  outer  segments  contain  the  rhod^in  molecules  which  absorb  the  photons 
and  initiate  the  electrical  response.  Photons  absorb^  within  this  sensitive  volume  contribute 
to  the  detection  of  light;  thore  absorbed  outside  this  volume  do  not  contribute  and,  if  they  are 
absorbed  within  adjacent  sensitive  volumes,  can  inhibit  detection. 

The  first-order  model  assumes  that  a  visual  experience  occurs  if  a  threshold  number 
rhodopsin  isomerizations  occur  within  the  sensitive  volume  and  not  otherwise.  The 
isomerizations  must  be  generated  within  the  time  constants  of  the  unit,  called  the  summation 
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ABSORBED  PHOTONS 

Hfure  4.  Re*pooje  Curve  for  die  Probafailiiy  dm  a  Humaa  Obecrvcr  Will  Delect  a  Small  Spot  of  light  oa 
the  Retina  Vcrsua  the  Avcn^  Number  of  Fhotona  within  the  Seasiiive  Volume  at  that  Inteuaiiy. 


time,  which  is  about  0. 1  sec  for  a  daik-adapted  retina.  This  model  is  known  to  work  well  for 
optical  vision.  A  response  curve  typical  the  threshold  or  "S"  shaped  curves  measured  for 
vision  is  shown  in  Fig.  4. 

The  response  of  the  visual  unit  to  any  type  of  ionizing  radiation  localized  to  within  a 
single  sensitive  volume  could  be  predicted  knowing  that  the  the  visual  response  to  ionizing 
radiation  also  follows  a  threshold  response  curve  (Lipetz.  1953)  and  assuming  that  the 
relationship  between  large  area  and  small  area  exposures  is  the  same  for  ionizing  radiation  as 
it  is  for  optical  light  The  results  were  in  good  quantitative  agreement  with  accelerator  data  and 
the  more  limited  data  available  from  space  (Roihwell.  HIz  ^  McNulty,  1976).  This  was  the 
fust  time  that  the  response  of  a  biolo^cal  system  to  quite  different  typ^  of  ionizing  radiation 
could  be  explained  quantitatively  using  a  single  set  of  parameters,  the  dimensions  of  the 
sensitive  volume  and  the  threshold  number  ^  ionizations  (more  correctly,  the  threshold 
amount  of  energy  deposited)  required  for  a  visual  response.  This  appean  to  be  the  essential 
test  for  all  soft-error  modeling,  whether  in  biological  systems  or  in  arcuits  •  that  a  single  set 
of  parameters  can  be  used  to  predict  the  response  to  radiations  which  are  quite  diflerenL  In  the 
visual  system,  tlw  geometry  of  the  sensitive  volume  was  known  from  studies  with  visible 
light,  arid  the  value  of  threshold  energy  which  had  to  be  deposited  in  the  sensitive  volume 
could  be  estimated  from  the  X-ray  data.  Another  important  characteristic  of  all  soft  errors  was 
illustrated  by  the  light  Hashes:  it  is  a  systems  effect  and  the  consequences  of  the  soft  error  can 
only  be  measured  in  a  complete  mganism. 


SINGLE  EVENT  UPSETS 

Since  microelectronics  Hy  in  the  same  regions  of  qtace  as  the  astronauts,  the  physical 
mechanisms  leading  to  their  s^t  errors  are  the  same:  cosmic-ray  traversals  and  nuclear 
spallation  reactions.  Tlw  SEU-sensitive  structures  in  microcircuits  are  small  reverse-biased 
n-p  junctions.  Beside  being  the  building  blocks  of  microelectronic  circuit  elements,  these 
junctions  are  also  ined  as  tlw  sensors  of  silicon  particle  detector  systems.  One  such  system  is 
shown  sdiematically  in  Fig.  S.  The  sensitive  volume  in  a  detector  is  the  region  in  the  alicon 
immediately  surrounding  the  depletion  region  formed  at  the  reverse-biased  junction.  In  a  fully 
depdeted  detector,  it  is  the  entire  volume  (S’  the  silicon.  Pulses  are  generated  at  the  junction  and 
shaped  by  the  neai1>y  circuit  elements,  and  those  which  exceed  some  threshold  value  set  by 
the  discriminator  are  counted  while  lesser  pulses  are  not  This  operatkxi  is  very  similar  to  the 
nrst-order  model  for  the  retina's  detection  of  photons  and,  as  a  result,  it  is  not  surpiiang  that 
two  independent  groups  attonpting  to  model  SEUs,  one  using  the  retina  as  a  model  (Wyatt  et 
al,  19^;  McNulty  et  ai,  19^)  ai^  the  other  silicon  detectors  (Pickel  and  Blandford.  1960; 
1%1),  arrived  at  essentially  the  same  set  of  assumptions,  now  known  as  the  first-order 
mcxiel. 
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Figure  5.  Schematic  of  a  Silicon  Particle  Detector  System. 


First-Order  Model  for  SEUs 

The  first  assumption  is  ihat  there  is  a  sensitive  volume  associated  with  each 
SEU-sensitive  junction  on  a  microelectronic  circuit  whose  dimensions  are  chosen  such  that 
the  charge  generated  within  this  volume  equals  the  charge  collected  across  the  junction.  The 
dimensions  of  the  sensitive  volumes  on  the  retina  and  the  one  within  the  fully  depleted 
detector  are  known  because  they  coirespond  to  actual  structures.  Unfortunately,  the  sensitive 
volumes  in  microelectronic  devices  often  differ  in  at  least  one  dimension  from  identifiable 
microstructures,  usually  the  thickness  measured  normal  to  the  crystal  surface.  Moreover,  it 
has  only  recently  been  shown  that  this  dimension  is  independent  of  LET  (McNulty,  Beauvais 
and  Roth,  1991)  for  circuit  elements,  a  necessary  condition  for  the  concept  of  a  sensitive 
volume  to  be  useful  quantitatively.  Of  course,  the  lateral  dimensions  of  the  sensitive  volume 
should  be  only  slightly  larger  than  those  of  the  juiKtion  but  the  value  of  the  thickness  could, 
until  only  recently,  be  estimated  for  most  devices. 

The  second  assumption  is  that  there  is  a  threshold  number  of  ionizations  which  must 
be  generated  within  the  sensitive  volume  to  induce  an  upset.  This  value  is  known  as  the 
critical  charge.  Since  the  number  of  ionizations  is  proportional  to  the  energy  deposited,  the 
value  of  the  critical  charge  is  often  listed  in  energy  units  where  the  conversion  is  the  W  value 
for  silicon,  3.6  eV. 

Luckily,  both  the  area  and  the  thickness  of  the  sensitive  volume  can  now  be  estimated 
from  pulse-height  measurements  made  on  signals  generated  at  the  junction.  Figure  6  shows 
the  circuit  used  for  these  measurements.  It  is  a  modified  version  of  the  pulse-height  system 
used  in  nuclear  spectroscopy.  The  time  constants  of  the  charge-sensitive  preamplifier  should 
approximate  the  time  constants  of  the  circuit  in  order  to  oollea  only  that  charge  which  would 


SEMICONDUCTOR 

DEVICE 


Figure  6.  Schematic  of  Circuit  Used  for  Pulse-beigbl  Measurements  between  the  Power  Pins  of  Static 
Memories. 
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Charge  Collected  (MeV) 


Hgufe  7.  Mse-height  Spectra  Measured  acioes  a  Siagle  n-p  Juactiou  of  the  T}‘pe  Used  io  Nttctodectonk 
Circuiis.  Kfeasufemeiits  ace  Plotted  for  Two  Values  of  the  Applied  Bias,  0  V  aod  5  V. 


contribute  to  upwtting  the  device.  Rgure  7  shows  the  pulse-height  spectrum  measured  from  a 
single  n-p  junction  exposed  to  4.8  MeV  alphas.  The  junction  has  dimensions  similar  to  the 
SEU-sensitive  junctions  in  memory  cells.  Measurements  are  plotted  for  two  values  of  the 
applied  bias:  0  V  and  5  V.  A  spectrum  is  obtained  at  zero  bias  brause  of  the  built-in  potential 
across  the  metallurgical  junction  resulting  from  the  difTerences  in  doping  levels  on  either  side. 
Increasing  the  bias  to  a  working  voltage  of  5  V  produces  only  a  20%  shift  in  the  spectrum 
toward  higher  energies  with  little  or  no  change  in  the  shape.  This  is  important  because  the 
dimensions  of  the  sensitive  volume  can  be  ob&ned  from  the  pulse-height  spectrum  and,  for 
reasons  given  below,  they  are  usually  estimated  at  zero  bias. 

Since  particles  initiate  pulses  by  traversing  the  sensitive  volume,  the  area  can  be 
estimated  from  the  ratio  of  the  number  of  events  under  the  peak  and  the  fluence.  The  thickness 
can  be  estimated  from  the  pontion  of  the  peak  in  the  spectrum.  If  the  energy  of  the  incident 
particle  is  E  and  the  peak  position  corresponds  to  a  deposition  of  energy  in  the  sensitive 
volume,  then  the  thickness  t  of  the  sensitive  volume  can  be  estimated  using  lange-eno-gy 
tables  and  the  formula: 

t  =  R(E,  R(E-AE) 


Figure  8.  Memory  Bemeni  of  a  Resistor-loaded  NMOS  Sialic  Random  Acess  Memory  (SRAM)  Device. 
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Hgutt  9.  Cross  Section  of  an  Inverter  in  a  Resistor -tonded  NKfOS  SRAM. 


where  R(E)  is  the  range  of  the  particle  entering  the  sensitive  volume  and  R(E  -  AE)  is  the 
range  of  the  incident  particle  after  traversing  the  sensitive  volume. 

SEUs  In  Static  RAMs 

The  resistor-loaded  NMC^  SRAM  is  the  memory  circuit  best  suited  to  illustrate  the 
analysis  of  SEUs  in  working  devices.  The  circuit  diagram  of  a  memory  element  of  an  NMOS 
static  RAM  is  shown  in  Fig.  8.  The  cell  consists  of  two  cross-latched  inverters  held  between 
high  voltage  Voo  and  ground.  The  sensitive  junction  for  this  device  is  the  reverse-biased 
drain-subs^te  junction.  There  are  two  drains  shared  by  the  four  uansistor  cell.  When  the  cell 
is  powered  up  in  either  state,  only  one  of  these  junctions  is  reverse-biased,  but  at  zero  bias 
both  junctions  in  the  cell  are  reverse-bi^ed  as  a  result  of  the  built-in  potential.  The  structure 
of  a  single  inverter  is  shown  in  cross  section  in  Fig.  9.  When  the  chip  is  irradiated,  the  pulses 
at  the  drain-substrate  junction  can  be  monitored  th^gh  the  power  (Voo)  and  the  ground  lines 
of  the  device.  The  experimental  configuration  for  measuring  these  pulses  is  shown  in  Fig.  6. 
By  selecting  only  those  pulses  of  the  appropriate  polarity,  the  specuum  obtained  should  be 
dominated  by  a  peak  due  to  particles  traversing  tlw  drain-substrate  junctions.  Pulses  due  to 
hits  on  other  junctions  have  a  different  polarity  and  are  ignored.  Figure  10  shows  the 
pulse-height  spectrum  measured  between  the  Vdo  and  ground  pins  of  an  IDT  61 16V,  a 


Hgure  to.  Pulse-beighi  spectnun  measured  between  the  power  and  ground  pins  of  an  IDT  61 16V 
resistor-loaded  NMOS  SRAM 
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Figure  11.  SEU  Croes  Sectioo  VeniM  LET  for  Heavy  loot  Inciileai  on  die  IDT  6116V  ai  DilTefeiK 
Temperaturet.  The  Horizootal  Curve  it  the  Craat  Seclioual  Area  of  the  Scuiuve  VotuoM  Detcnmaed  froei 
Fig.  10. 


memory  device  with  over  32,000  reverse-biased  drain-substrate  junctions  in  its  unbiased 
state.  As  with  test  structures,  the  area  of  the  junction  can  be  found  from  the  ratio  of  the 
number  of  events  under  the  peak  to  the  product  of  the  Huenoe  and  the  number  of  junctions. 
This  area  is  also  the  cross  serniona!  area  of  the  target  w  hich  must  be  hit  lo  upset  the  memory 
cell.  The  thickness  of  the  equivalent  sensitive  v^ume  for  this  junction  is  obtained  from  the 
position  of  the  peak  in  the  spectrum  as  described  earlier. 


SEU  Cross  Section  Measurements 

For  heavy  ions  the  probability  that  an  individual  energetic  panicle  will  induce  an  SEU 
is  expressed  in  terms  of  die  per-bit  SEU  cross  section  which  is  typically  determined  from 
experimental  measurements  of  the  number  of  upsets  induced  by  a  ps^lel  beam  of  accelerator 
particles.  (See  McNulty,  1991  for  a  recent  review  of  the  literature.)  The  per-bit  cross  section 
is  defined  to  be  the  ratio  of  the  number  of  SEUs  Mnerated  to  the  product  of  the  (luenoe  and 
the  number  of  memory  cells  in  the  device.  Since  all  circuits  are  designed  to  work  error  free  in 
the  naturd  environment  at  sea  level,  they  do  not  upset  to  partkies  inodent  with  very  low  LET. 
At  sufTiciendy  high  values  of  LET,  any  commercially  available  microcircuit  will  upset  every 
time  an  SEU-sensitive  junction  is  traversed.  Then,  the  response  curve  of  an  SRAM  exposed 
to  particles  of  interme^ate  LET  should  be  similar  to  the  response  curve  of  the  retina  to 
increasing  number  of  photons,  i,e.,  at  low  numbers  of  ionizations  (low  LET)  the  SEU  cross 
section  is  zero,  rising  quickly  at  threshold  to  approximately  the  junction  area  and  then 
continuing  to  rise  slowly  with  LET  as  the  cells  begin  to  upset  even  with  near  misses 
(McNulty,  1991). 

The  response  curve  for  die  IDT  61 16V  was  measured  by  Koga  el  ai  (1968)  at  different 
temperatures,  the  results  ate  plotted  in  Fig.  11.  The  horizontal  line  is  the  estimate  of  the 
junction  area  obtained  from  the  pulse-height  measurements  described  above.  This  value  is  in 
excellent  agreement  with  the  value  of  the  SEU  cross  section  at  the  point  of  transition  between 
fast  and  slow  rise  in  cross  section.  If  this  data,  or  any  of  the  more  complete  data  sets  we  ate 
familiar  with,  were  replotted  as  the  probability  that  a  heavy  ion  traversing  one  of  the  junctions 
caused  an  upset  versus  the  number  of  ionizations  generated  by  the  ion  as  it  traversed  the 
sensitive  volume  (obtained  by  dividing  the  product  of  the  LET,  the  density  and  the  thickness 
of  the  sensitive  volume  by  the  average  energy  dqxsited  per  ion  pair  for  silicon),  the  resulting 
curve  would  have  the  shape  of  the  response  curve  of  Fig.  4  except  that  the  units  of  the 
abscissa  would  be  number  o(  ionizations  instead  of  photon  absorption. 
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SEU  Measurements  for  Protons 

A  Monte-Cario  code  called  CUHD  (McNulty,  Farrell  and  Tucker,  1981)  simulates  the 
energy  deposition  in  silicon  microvoiumes  as  a  result  of  nearby  proton-induced  nuclear 
spallation  reactions.  It  was  developed  following  the  approach  of  our  earlier  code  for 
predicting  proton-induced  events  in  the  retina  (Rothwell,  Filz  and  McNulty,  1976).  The 
results  of  i^culations  for  a  sensitive  volume  having  the  dimensions  obtained  earlier  for  the 
IDT  6116V  and  exposed  to  148  MeV  protons  are  compared  in  Fig.  12  to  experimental 
pulse-height  measurements  between  power  and  ground  on  that  device  (McNulty  et  al,  1991). 
The  plots  are  of  integral  cross  section  versus  energy,  i.e.,  the  cross  section  for  depositing  at 
least  some  energy  E  in  the  microvolume  versus  E.  The  agreement  between  theory  and  the 
experimental  curve  is  quite  good.  The  horizontal  line  in  Fig.  12  is  the  experimental  SEU  cross 
section.  The  locations  on  the  abscissa  which  mark  where  the  cross-section  line  intersects  the 
curves  are  theoretical  and  experimental  estimates  of  the  value  of  the  threshold  energy' 
deposition  required  to  up^t  the  device.  The  values  are  very  close.  The  ratio  of  either  value  to 
the  thickness  d*  the  sensitive  volume  is  in  good  agreement  with  the  threshold  LET  measured 
by  Koga  et  al  ( 1988)  for  heavy-ion  data. 

Universality  of  the  First-Order  Model 

Similar  studies  have  been  carried  out  for  CMOS  static  memories  (McNulty,  Beauvais 
and  Roth,  1991)  and  NMOS  dynamic  memories  (McNulty,  Abdel-Kader  and  Lynch,  1991). 
The  spectra  for  these  technologies  are  more  com^icated,  but  the  peak  due  to  ion  hits  on  the 
SEU-sensitive  junctions  can  usually  be  identified  and  the  dimensions  of  the  SEU  sensitive 
volumes  determined.  The  proton  SEU  cross  sections  for  more  complicated  devices  must  be 
compared  to  simulations  of  the  energy-deposition  in  the  sensitive  volume  rather  than 
experimental  measurements  because,  with  spdiation  reactions,  events  on  the  SEU-sensitive 
junctions  cannot  be  differentiated  from  other  events.  It  has  been  shown  for  a  variety  of 
devices  having  different  microstnictures  that  the  heavy-ion  SEU  cross  sections  and  the  proton 
SEU  cross  sections  can  be  fit  by  a  single  set  of  parameters:  the  dimensions  of  the  sensitive 
volume  and  the  value  of  threshold  for  upset  (critical  charge).  Events  which  generate  fewer 
than  a  critical  number  of  ionizations,  or  deposit  less  than  a  t^eshold  amount  of  energy,  do  not 
upset  the  device  Events  which  exceed  threshold  always  result  in  upsets.  The  shape  of  the 
response  curve  of  cross  section  versus  I..ET  has  been  explained  as  being  due  primarily  to  the 
spread  of  energy-deposition  events  observed  at  a  single  LET  (McNulty,  Abdel-Kader  and 
Lynch,  1991)  just  as  the  shape  of  the  visual  response  curve  has  been  attributed  toquantal 
fluctuations  at  low  intensities. 

Bond  and  Varma  have  developed  a  variation  on  the  first-order  model  for  somatic 
mutations  in  biological  cells  (Bond  and  Varma,  1963).  Since  the  dimensions  of  the  sensitive 


Figure  12.  Cross  Section  as  Calculated  by  CUPID  for  Depositing  at  Least  Energy  E  within  the  Sensitive 
Vdunte  of  the  IDT  61 16V  Plotted  Versus  E  The  Experimental  Curve  Represents  the  Values  Obtained  from 
the  Pulse-height  Spectrum  Measured  between  the  Power  and  Ground  Pins  while  the  Unpowered  Device  is 
Iiradiated  by  148  MeV  Protons. 
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volume  are  poorly  defined  for  mutations,  available  data  defining  a  response  cune  (probability 
of  a  mutation  versus  LET)  cannot  be  used  with  confidence  to  specify  the  \alue  of  the 
threshold  energy  which  must  be  deposited.  It  has  been  shown  (Sondhaus,  Bond  and 
Feinendegen.19^)  that  a  wide  range  of  mutations  and  chromosome  aberrations  ha\  e 
response  curves  which  are  similar  in  shape  to  the  curve  of  Fig.  12,  again  with  ionizations 
within  the  sensitive  volume  replacing  photon  absorption  on  the  abscissa.  An  interesting 
exercise,  then,  would  be  to  try  estimating  the  size  of  the  sensitive  volume  following  the 
procedure  outlined  earlier  for  SEUs.  The  per-cell  cross  sections  for  mutations  are  need^  to 
do  this.  They  are  obtained  for  heavy  ions  at  various  values  of  LET  from  the  ratio  of  the 
number  of  mutations  to  the  product  of  the  fluence  of  incident  particles  and  the  number  of  cells 
at  risk.  The  values  of  the  per-cell  cross  sections  would  have  to  be  plotted  versus  LET  as  the 
SEU  data  plotted  in  Fig.  11.  The  value  of  the  cross  section  that  marks  the  transition  between 
the  region  of  fast  rise  in  cross  section  with  LET  and  the  region  of  slower  increases  with  LET 
is  the  cross  sectional  area  of  the  sensitive  volume.  Just  as  the  corresponding  value  of  the  SEU 
cross  section  in  Fig.  11  was  the  junction  area.  Assuming  that  the  sensitive  volume  is  a  sphere, 
the  radius  of  the  sensitive  volume  and  the  the  pathlength  distribution  through  the  sensitive 
volume  can  also  be  calculated. 

It  is  not  clear  that  the  model  of  Bond  and  Varma  can  be  adequately  tested  without  at 
least  approximate  dimensions  for  the  sensitive  volume  being  known.  If  the  sensitive  volumes 
have  submicron  feature  sizes,  the  energy-deposition  spectra  may  be  dominated  by  events 
where  the  particle  missed  the  target  (Dicello,  private  communication).  This  is  also  true  for 
large  volumes  when  there  is  a  low  value  of  threshold.  In  this  regime,  the  plateau  in  the  cross 
section  may  reflect  hack  structure  effects  more  than  the  dimensions  of  the  sensitive  volume. 
Our  experiences  with  the  retina  and  microcircuits  suggest  that,  if  the  first-order  model  is  valid 
for  mutations,  the  proper  dimensions  of  the  sensitive  volume  would  be  those  which  when 
combined  with  the  corresponding  value  of  the  threshold  would  fit  data  for  two  different 
radiation  types.  Nuclear  reactions  and  traversals  by  heavy  ions  might  be  the  logical  place  to 
start,  but  they  are  not  the  only  radiations  which  should  give  consistent  results. 

We  know  why  the  SEU  response  of  microelectronic  circuits  follows  the  first-order 
model:  circuits  are  deliberately  designed  not  to  upset  in  the  natural  environment  at  ground 
level.  This  environment  includes  thermal  fluctuations  as  well  as  background  radiations.  So 
circuits  are  designed  not  to  upset  at  low  values  of  LET,  but  the  information  stored  in  random 
access  memories  is  meant  to  be  sto.’cd  and  recalled  easily  at  low  power.  This  makes  the 
circuits  sensitive  to  ion  hits  at  higher  LET.  It  seems  clear  that  evolutionary  processes  also 
designed  a  threshold  into  the  human  visual  system.  Individual  photoreceptors  respond 
electrically  to  individual  photons  but,  if  a  visual  experience  resulted  from  individual  photon 
absorptions,  the  visual  system  would  be  swamped  by  the  infrared  radiation  of  the  thermal 
background.  Both  types  of  systems  have  adjust^  to  a  signal  to  noise  problem.  If  there  is  a 
threshold  in  radiation  induct  mutations,  perhaps  it  is  also  an  evolutionary  response  to  a 
signal  to  noise  problem.  Mutations  are  necessary  for  evolutionary  progress,  but  to  be  too 
sensitive  would  make  organisms  vulnerable. 

Circuits  are  designed  with  different  threshold  values  depending  on  how  harsh  the 
intended  environment  is  expected  to  be.  Increasing  the  level  of  protection  typicallv  involves 
trade  offs  in  performance;  usually  speed.  Often,  protection  is  designed  in  at  the  syi..em  kvel 
rather  than  by  hardening  individual  components.  Redundancy  of  stored  information  and 
voting  logic  are  frequently  used.  The  genetic  code  also  incorporates  redundanc 
Comparisons  in  this  area  may  be  fruitful. 


APPLICATIONS  TO  MICRODOSIMETRY 

Parallel  arrays  of  p-n  junctions  have  been  proposed  as  a  microdosimetry  tool  for 
characterizing  complex  radiation  environments  for  microelectronic  circuits  (McNulty  et  al, 
1990).  The  pulse-height  spectra  measured  from  an  array  containing  over  two  million  junctions 
is  shown  in  Fig.  13.  The  pulse-height  spectrum  measured  at  a  microjunction  having  a 
sensitive  volume  with  dimensions  similar  to  the  circuit  of  interest  would  certainly  be  a  better 
predictor  of  the  risk  of  SEUs  in  a  given  environment  than  any  other  form  of  dosimetry 
including  detailed  measurements  of  the  charge  and  energy  of  the  particles  making  up  the 
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Hgure  13.  Pulse-height  Spectnim  Obtained  from  an  Amy  of  over  Two  Million  lunctioos  in  Bulk 
CMOS. 

environmenL  Clearly,  sudi  arrays  would  also  be  useful  in  predicting  light  flash  rates  if  proper 
corrections  for  the  differences  in  composition  were  taken  into  account  in  selecting  the 
dimensions  to  use  for  the  sensitive  volume.  The  pc^ibility  of  using  microelectionics  to 
characterize  a  radiation  environment  for  risk  of  mutations  is  less  obvious.  We  do  not  know 
the  shape  ex'  size  of  the  tissue  equivalent  volumes  that  must  be  approximated.  Although  not 
essential  for  the  span  radiations  mentioned  above,  a  good  general  purpose  microdosimeter 
should  have  all  the  individual  sensitive  volumes  isolated  from  one  another.  Technology  is 
now  available  to  do  just  that  Hgure  14  shows  the  pulse-height  sp^trum  obtained  with  a 
parallel  array  of  2316  junctions  from  a  Texas  Instruments  test  chip  where  the  sensitive 
volume  associated  with  each  junction  is  coropletdy  surrounded  by  dielectric  except  where  the 
electrical  contacts  are  made. 

Even  in  the  absence  of  clearly  specified  dimensions  for  the  sensitive  volumes  for 
biological  mutations,  micioelectionic  junction  arrays  still  have  important  potential  advantages 
in  cha^terizing  a  radiation  environment  in  terms  of  radiobiological  risk.  Sensitive  verfumes 
can  be  scaled  to  the  size  of  biological  cell  nuclei,  a  probable  upper  limit  to  any  sensitive 
volume.  The  pulse-height  spectra  would  separate  die  high-energy-deposition  events  from  the 
low-energy  ones.  These  spectra  could  then  be  used  to  calculate  doM  equivalents  based  on 
quality  factors  ot  equivalent  quantities  determined  by  the  NCRP  or  ICRP.  Battery  operated 
personnel  dosimeters  small  enough  to  fit  into  shirt  pockets  can  be  made  with  oommeicially 
available  devices  and  dosimeters  as  small  as  a  Him  badge  can  be  constructed  using  modem 
lithogreq>hic  techniques. 


1  UByte  SRAU 
Memory  Ceils  Only 
Note:  End  of  Range 


CURRENT  TESTING  OF  MODELS  IN  SPACE 

The  accuracy  of  predictions  of  single  event  phenomena  strongly  depends  on  the 
accur^  of  the  environmental  models  and  the  ttansport  calculations  for  hiding  the  effects  of 
shielding.  Solar  flares  and  magnetic  disturbances  result  in  dramatic  temporary  change  in  the 
radiation  incident  on  spacecraft  and  consequently  the  error  rates.  There  is  a  slow  variation  in 
the  environments  from  solar  minimum  to  solar  maximum  which  should  result  in 
correspo^ing  increases  in  SEU  rates  over  the  pdes  and  deoeases  in  the  portions  of  the  low 
earth  orbits  where  spacecraft  peneuate  the  radiation  belts.  This  is  an  eleven  year  cycle  and 
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lon^r  trends  cannot  be  ruled  out  Current  NASA  models  of  the  radiation  environments  are 
static  models  which  only  incorporate  the  dynamic  variations  described  above  by  long-term 
averaging.  The  model  for  the  cosmic-ray  environment  is  probably  valid  to  within  a  factor  of 
two  for  averages  of  the  envinmment  in  excess  of  a  year.  It  is  necessary,  of  course,  to  provide 
the  proper  mix  of  the  solar  maximum  and  the  solar  minimum  in  calculations.  Also.  APS.  the 
NASA  code  of  the  trapped  proton  environment,  may  have  an  error  of  a  factor  of  two  in  the 
high  energy  proton  flux  for  low-eaith  orbits.  The  J*  dosimeter  recently  characterized  the 
low-earth  orbit  of  the  DMSP  satellite  in  lennns  of  the  energetic  nuclear  reactions  whidi  would 
lead  to  SEUs  in  microelectronic  devices  (Gussenhoven  et  al,  1967).  The  data  was  found  to 
agree  with  predictions  of  the  APS  modd  cl  the  proton  envirenment  combined  with  CUPID'S 
predictions  of  the  number  of  spallabon  events  which  deposit  at  least  40  MeV  and  75  MeV  in 
the  detectors  (Beauvais  et  al,  to  be  published). 

Relatively  good  agreement  between  predictions  based  on  heavy-ion  accelerator  data 
and  cosmic-ray  spaceflight  data  have  been  report^  by  Binder  (19SS).  Smith  and  Simpson 
(19^  and  Blake  and  Mandei  (19^.  These  predictions  were  fora  small  number  of  devices 
in  different  satellite  programs  aixi  included  geosynchronous  orbits  and  low-earth  polar  orbits. 

The  CRRES  satellite  is  an  entire  satellite  dedicated  to  measuring  the  radiation 
environments  and  correlating  them  with  the  effects  on  circuit  components.  The  orbit  is  a 
highly  elliptical  orbit  typical  ra  the  transfer  orbits  used  to  shift  satellites  from  low-earth  orbit 
to  a  geostationary  orbit.  Analysis  is  just  beginning,  but  data  sufficient  for  careful  test  of 
environmental  and  transport  co^  is  being  made  available. 

PREDICTING  PROTON  RESPONSE  FROM  HEAVY  ION  DATA 

The  procedure  for  using  heavy-ion  data  to  predict  the  proton  cross  section  versus 
incident  energy  response  function  is  discused  in  Bisgrove  etal,  1966.  As  described  earlier, 
for  this  the  wok.  the  dimensions  of  the  sensitive  volume  must  be  determined  from  charge 
collection  measurements.  The  critical  charge  can  then  be  estimated  from  the  threshold  LCT 
measured  in  the  heavy  ion  data  The  agreement  obtained  using  CUPID  was  excdlent  for  the 
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device  reported  on  by  Bisgrove  et  al ,  ( 1966)  and  for  a  number  of  devices  tested  later.  Bion 
and  Bourrieau  (1989)  have  developed  simulation  codes  of  the  same  general  t>'pe  as  CUPID. 
They  also  find  that  the  heavy-ion  data  can  be  used  to  {wedict  the  proton  data.  It  is  important  to 
note  that,  in  all  of  these  calculations,  the  detailed  slu^  of  the  response  curve  must  be  taken 
into  account  for  accurate  calculations.  Errors  of  an  order  of  magnitude  result  from  ignoring 
the  shape  of  the  response  curve  in  predicting  SEU  rates  in  space  Bnicker  and  Stassinofwulos, 
1991). 

SUMMARY  AND  CONCLUSIONS 

The  single  event  upset  phenomena  induced  in  circuits  flown  in  space  have  response 
curves  in  plots  ^  SEU  cross  section  versus  LET  which  exhibit  a  threshold  behav  ior  similar  to 
the  response  curves  reported  for  the  tight  flash  phenomena  experienced  by  astronauts  and 
mutations  in  biological  cells.  It  is  possiUe  to  independently  determine  the  dimensions  of  the 
sensitive  volume  for  a  visual  unit  on  the  retina  and  for  a  memory  cell  in  a  circuit,  but  not  for 
mutations.  Knowledge  of  these  dimensions  and  the  threshold  energy  that  must  be  deposited  in 
the  sensitive  volume  is  sufficient  to  predict  the  respon-  ’o  a  variety  of  radiation  types.  The 
first-order  model  assumes  that  if  more  than  a  threshoi .  ml  of  energy  is  deposit^  within 
the  sensitive  volume,  an  event  is  induced,  but  not  othc'  -  .<nowledge  of  the  dimensions  erf* 
the  sensitive  volumes  would  be  essential  for  testing  whe  :  mutations  obey  similar  models. 
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Abstract 

The  MORE  instrument  can  be  used  for  testing  microelectronic  technologies  for  use  in  complex  radiation  environments 
such  as  those  inside  SSC  detector  assemblies  or  operational  satellites. 


1.  Introduction 

Particle  detector  assemblies  proposed  for  the  SSC  re> 
semble  electronic  systems  flown  on  operational  satellites 
in  that  they  must  be  designed  to  operate  for  long  periods 
in  complex  radiation  environments  with  few  if  any  oppor^ 
tunities  for  repairs.  There  are  long  lead  times  between  the 
design  of  a  system  and  its  implementation  in  orbit  or  on 
the  beam  line.  The  radiation  threats  to  microelectronics 
in  both  cases  include  the  all-or-nothing  single-event  effects 
as  well  as  the  gradual  degradation  due  to  cumulative  ex¬ 
posure.  Like  satellite  system  designers,  SSC  experimental¬ 
ists  will  be  forced  into  difficult  choices  between  the  guar¬ 
anteed  survivability  obtained  by  building  systems  around 
rad-hard  components  and  the  greater  performance  at  lower 
cost  associated  with  commercial  devices.  The  rad-hard  ap¬ 
proach  will  probably  be  followed  in  the  earliest  versions  of 
the  detector  components,  but  the  desire  to  improve  will  be 
almost  immediate.  Use  of  any  commercial  parts  requires 
that  one  be  able  to  predict  with  some  accuracy  both  the 
single-event  effects  and  the  gradual  degradation  due  to  ac¬ 
cumulated  absorbed  dose.  This  requires  radiation  testing 
of  critical  components  combined  with  detailed  knowledge 
of  the  particles  making  up  the  environment.  Detailed  mea¬ 
surement  of  the  environment  is  not  feasible.  Nor  can  stan¬ 
dard  test  procedures  be  corrected  easily  for  dose-rate  ef¬ 
fects  or  synergistic  effects.  Trials  of  critical  components  in 
the  identical  or  similar  radiation  environments  would  ap¬ 
pear  desirable  before  committing  to  specific  technologies. 

We  describe  in  this  paper  an  instrument  designed  to  al¬ 
low  experimenters  to  characterise  complex  radiation  envi¬ 
ronments  in  terms  of  their  effects  on  microelectronic  com¬ 
ponents  of  interest  to  the  experimenter  while  simultane¬ 
ously  measuring  the  absorbed  dose.  This  instrument,  the 
Monitor  of  Radiation  Effects  (MORE)  is  designed  to  mea¬ 
sure  the  rate  of  single  event  upsets  (SEU),  monitor  how 
these  rates  would  vary  with  device  sensitivity,  and  measure 
circuit  degradation  due  to  chronic  or  acute  exposures.  It  is 
designed  to  operate  on  operational  satellites  or  within  the 
limited  empty  spaces  inside  functioning  SSC  detectors. 


2.  Inatrunoent  Design 

The  proposed  instrument  has  three  separate  components 
designed  to  carry  out  different  types  of  measurements:  The 
first  component  measures  the  SEU  rate  on  an  array  of 
SRAMS.  Soft  errors  or  single  event  upsets  are  the  most 
common  form  of  single  event  phenomena  in  space,  and 
they  are  the  form  most  likely  to  be  observed  in  microelec¬ 
tronics  used  inside  detector  assemblies.  The  name  single 
event  upsets  comes  from  the  fact  that  the  upsets  are  typi¬ 
cally  the  result  of  individual  interactions.  They  can  occur 
in  logic  as  well  as  memory  circuits,  but  they  are  most  easily 
studied  in  memories.  Often  the  electrical  (and  hence  logic) 
states  of  more  than  one  circuit  element  are  changed  as  a 
result  of  one  event.  This  is  taken  into  account  because  the 
instrument  provides  the  memory  location,  type  of  error, 
and  time  of  occurrence  for  each  event.  Large  memory  ar^ 
rays  can  be  used  in  order  to  obtain  reasonable  statistics  in 
the  shortest  possible  time.  Figure  1  is  a  schematic  diagram 
of  the  SEU  tester  component  of  MORE.  It  requires  only 
6  chips  including  one  of  the  memory  devices  being  tested. 
An  essential  feature  of  this  component  is  that  the  devices 
under  test  are  interchangeable  •  the  SRAMs  can  be  of  any 
technology  from  4K  to  256K  (or  higher  when  avaQabk). 
Changing  SRAMs  only  requires  switching  socket  adapters 
and  the  ROM  chip. 


SPACE  SEU  TESTER 
6  CHIPS 


Fig.  l.Schematic  of  SEU  tester  of  MORE. 
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Soft  errors  are  believed  to  be  a  threshold  pheaomena 
with  threshold  being  determined  by  the  site  of  the  pulse 
generated  across  the  drain-substrate  junction  for  most 
NMOS  and  CMOS  devices.  The  cross  section  for  SEU 
events  is  plotted  in  Fig.  2  versus  the  LET  (or  stopping 
power)  of  the  incident  particle  for  the  IDT  6116V,  a  device 
used  for  testing  the  prototype  of  MORE.  Whik  the  data 
taken  from  Ref.  1  appears  to  depend  on  the  ion  species, 
it  does  exhibit  a  threshold  behavior  in  that  there  are  no 
upsets  at  low  LE!T  values  and  then  a  sharp  rise  to  a  cross 
section  which  roughly  equals  the  total  cross  sectional  area 
of  the  array  of  SEU-sensitive  junctions.  The  gradual  in¬ 
crease  beyond  threshold  is  due  to  multiple  upset  events. 
The  device  has  also  been  shown  to  upset  when  exposed  to 
protons  incident  at  energies  as  low  as  30  MeV.  The  proton- 
induced  upsets  in  SRAMs  are  due  to  spallation  reactions 
at  or  near  the  SEU-sensitive  junctions. 


Fig.  2.  Cross  section  for  SEU  events  versus  LET  for  the 
IDT  6116V.  Data  is  from  Ref.  1. 

The  second  component  of  MORE  conducts  a  pulse- 
height  analysis  of  the  pulses  generated  at  the  microjunc¬ 
tions  of  a  parallel  array  of  circuit  elements  as  a  result  of 
radiation-induced  events.  The  junctions  used  are  identical 
or  at  least  simUar  to  the  SEU-sensitive  junctions  of  the 
SRAMs  monitored  by  the  first  component.  The  SRAM 
used  in  the  prototyjM  was  an  NMOS  device,  the  IDT 
6116V,  and  the  pulse  height  spectra  were  measured  off  the 
power  pins  of  an  identical  device.  In  both  cases,  the  events 
of  interest  are  due  to  interactions  at  junctions  from  sim¬ 
ilar  arrays.  For  CMOS  devices,  the  pulse-height  spectra 
must  be  measured  from  a  parallel  array  of  drain-substrate 
junctions.  These  test  structure  arrays  are  often  availability 
from  the  vendors  since  they  are  used  as  test  structures  in 
yield  studies.  The  experimental  configuration  used  for  the 
pulse-height  measurements  is  shown  schematically  in  Fig. 
3.  The  pulse-height  spectrum  obtained  with  the  prototype 
exposed  to  4.8  MeV  alphas  is  shown  in  Fig.  4.  This  spec¬ 
trum  was  measured  on  an  array  of  32,678  junctions,  each 
having  dimensions  of  about  11  nxa  on  a  side.  The  area 
of  the  junctions  drawn  in  Fig.  2  as  a  horisontal  line  was 
obtained  from  the  ratio  of  the  number  of  events  under  the 
peak  in  Fig.  4  to  the  fluence.  This  agreement  between  the 


area  and  the  measured  SEU  cross  section  provides  some 
confidence  for  using  this  arrangement  for  charac'cHsing 
more  complex  radiation  environments. 


Fig.  3.  Experimental  configuration  used  for  pulse-height 
measurements  in  MORE. 


Fig.  4. Differential  pulse-height  spectrum  obtained  with 
more  prototype  exposed  to  4.8  MeV  alphas. 

The  pulse-height  spectra  obtained  when  the  prototype 
was  exposed  to  148  MeV  protons  is  shown  in  Fig.  S  where 
the  data  is  plotted  in  integral  form  as  the  cross  section  for 
depositing  at  least  a  given  energy  E  versus  E.  This  spec¬ 
trum  is  roughly  typical  of  the  form  spectra  will  take  in 
regions  around  the  beam  line  within  a  detector  assembly 
except  that,  cross  sections  cannot  be  determined  in  a  com¬ 
plex  radiation  environment.  Instead,  the  plots  will  be  the 
number  of  events  in  which  at  least  E  is  deposited  versus 
E.  Cross  section  cannot  be  calculated  because  the  identity 
of  the  incident  particles  are  not  known.  However,  even 
without  knowing  the  particles  making  up  the  incident  ra¬ 
diation,  the  threshold  for  the  device  can  be  determined. 
This  is  illustrated  in  Fig.  5  where  the  SEU  cross  section 
measured  for  the  IDT  6116V  is  represented  as  a  horison¬ 
tal  line.  The  energy  corresponding  to  threshold  is  marked 
on  the  abscissa  where  the  line  intersects  the  experimental 
curve.  In  a  complex  environment,  the  numbers  of  SEUs 
(scaled  to  the  same  junction  area)  should  correspond  to 
the  largest  events  on  the  spectrum.  Again,  comparison  of 
the  measured  SEU  rate  and  the  spectrum  yields  the  value 
of  threshold. 
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Fig.  5.  Integral  pulse-height  spectrum  obtained  from  expo- 
stire  to  148  MeV  protons. 


The  theoretical  curve  represents  the  simulations  from 
CUPID  (2)  for  the  sensitive  volume  associated  with  the 
SEU-sensitive  junction  of  the  IDT  6116V  with  the  dimen¬ 
sions  of  the  sensitive  volume  obtained  from  the  position 
of  the  peak  and  the  number  of  events  in  Fig.  4  (3).  The 
agreement  between  theory  and  experiment,  besides  testing 
the  simulation  model,  provides  some  confidence  in  the  use 
of  pnlse-height  arrays  to  determine  the  SEU  parameters  of 
a  technology. 

The  third  component  of  MORE  measures  the  total  dose 
absorbed  in  SiOj  while  monitoring  the  effects  on  a  test 
structure  from  a  device  made  with  the  technology  to  be 
tested.  The  total  dose  is  obtained  by  measuring  the  turn¬ 
on  voltage  on  calibrated  PMOS  transistors  following  the 
procedures  outlined  by  Holmes  Siedle  et  al  (4).  The  same 
procedures  are  used  to  measure  the  tum-on  voltage  on  the 
test  structures.  A  schematic  cross  section  of  a  MOS  tran¬ 
sistor  is  shown  in  Fig.  6.  The  gate  bias  required  to  turn 
on  or  off  the  test  structure  is  monitored.  Changes  in  the 
tum-on  voltage  is  the  dominant  failure  mode  for  MOS  de¬ 
vices  exposed  to  ionising  radiation  at  low  and  moderate 
dose  rates.  It  is  principally  the  result  of  the  buildup  of 
positive  charge  in  the  thin  oxide  under  the  gate  and  nega¬ 
tive  interface  states  at  the  SiOa/Si  interface. 
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S.  Speciflcations 

The  SEU,  PHA,  and  Total  Dose  components  of  MORE 
require  2  W,  2.5  W,  and  1.5  W  of  power,  respectively.  The 
total  weight  of  the  package  is  6  lbs  and  fits  inside  a  box 
having  dimensions  of  8"  x  6"  x  4". 

4.  Summary  and  Conclusions 

The  radiation  problems  within  the  the  detector  assem¬ 
blies  proposed  for  the  SSC  will  be  similar  to  those  experi¬ 
enced  on  operational  satellites.  Because  of  the  absence  of 
heavily  ionising  cosmic  rays  around  accelerators,  the  envi¬ 
ronment  should  be  less  severe  than  in  deep  space.  However, 
both  the  single  event  upsets  and  gradual  device  degrada¬ 
tion  due  to  accumulated  dose  is  to  be  expected.  The  use  of 
rad-hard  components  developed  for  military  systems  flown 
in  space  should  be  sufficient  for  SSC  applications  for  any 
locations  except  in  or  very  close  to  the  beam  line.  Use  of 
commercial  devices  is  risky  even  when  the  candidate  parts 
are  tested  if  the  SEU  rate  to  be  expected  must  be  accn- 
rately  known.  The  MORE  instrament  allows  trials  of  a 
technology  of  devices  in  complex  radiation  environments. 
Problems  of  synergistic  effects  and  dose-rate  effects  are  an- 
tomatically  included  in  the  test  data  using  this  approach. 
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Chapter  1 


Introduction 


The  CUPID  code  is  a  proton-induced  spallation  reaction  simulation  code  which  determines 
the  SEU  cross  section  as  a  function  of  the  critical  charge  for  a  sensitive  volume  of  defined 
dimensions.  The  code  requires  several  inputs:  the  most  important  of  these  are  the  dimensions 
of  the  sensitive  volume  in  which  the  charge  is  generated  and  the  energy  is  deposited.  Other 
inputs  are  the  dimensions  of  the  surrounding  volume  within  which  the  nuclear  reactions 
can  occur,  the  number  of  iterations,  and  the  incident  proton  energy.  The  output  is  the 
integral  cross  section  for  depositing  some  energy  E  versus  E.  The  output  is  given  in  this 
form  because  the  SEU  cross  section  should  be  the  cross  section  for  events  in  which  more 
than  some  threshold  energy  (critical  charge)  is  deposited. 

The  CUPID  code  consists  of  two  programs.  The  “main”  CUPID  code  does  the  actu¬ 
ally  calculations,  while  the  CUPID  I/O  routine  feeds  the  main  routine  with  the  required 
information  to  run  properly.  The  I/O  routine  is  user  friendly  and  menu  driven. 


Chapter  2 


Getting  Stzirted 


2.1  The  goal  of  this  manual 

The  goal  of  this  manual  is  to  outline  to  the  intermediate  DOS  user  how  to  use  the  CUPID 
I/O  routines. 


2.2  Installing  the  CUPID  code 

The  CUPID  code  is  installed  by  copying  ail  the  files  on  the  distribution  disk  into  a  subdi- 
rectory  called  CUPID.  The  CUPID  code  may  be  installed  into  a  different  subdirectory  but 
the  CUPID.CNF  file  must  reflect  the  directory  in  which  CUPID  is  installed.  The  second 
line  in  CUPID.CNF  contains  the  path  where  the  CUPID  code  is  installed.  The  path  should 
also  indicate  the  drive  in  which  CUPID  is  installed.  The  default  path  in  CUPID.CNF  is 
“C:\CUPID’’.  To  easily  install  the  program  ,  you  should  type  the  following  from  the  DOS 
prompt: 


md  cupid  {enter} 
cd  cupid  {enter} 

Place  the  distribution  disk  in  drive  A. 
copy  a:*.*/b  {enter} 

The  knowledge  DOS  user  may  install  the  CUPID  code  in  any  manner  that  is  convient. 


2.3  Running  the  CUPID  code 

There  are  many  ways  to  run  the  CUPID  code.  The  simplest  way  is  to  type  the  following 
from  the  DOS  prompt: 


cd  cupid  {enter} 
cupid  {enter} 

The  knowledgeable  DOS  user  may  employ  any  convenient  manner. 


1. 

Ent«r-Edlt  Paramatars 

2. 

Look  at  Targat  Voliiaa 

3. 

Sava  Paraaatars  to  Disk 

4. 

Load  Paraaatars  fron  Disk 

5. 

Rxm  CUPID  Codas 

6. 

Load  Output  Flla  fros  Disk 

7. 

List  Output  to  Scraan 

8. 

Look  at  Graph  of  Output 

9. 

Maka  X-y  Data  Fila 

10. 

Print  Output  to  Printar 

Figure  2.1.  The  Main  Menu. 

2.4  The  I/O  routine 

The  I/O  routine  was  developed  to  help  the  user  create  the  required  files  to  run  the  CUPID 
code.  It  generates  the  files  which  contain  the  basic  information  necessarily  to  rtm  the  CUPID 
code.  The  I/O  routine  is  menu  driven.  The  menus  can  be  broken  up  into  three  basic  types. 
The  first  type  contains  the  items  used  to  develop  input  files  which  feed  the  CUPID  code. 
The  second  type  is  the  menu  item  which  instructs  CUPID  which  simulations  to  perform. 
The  third  type  contains  the  items  which  control  the  analysis  of  the  data  after  the  running 
of  the  CUPID  code. 

2.5  How  to  use  the  menus 

The  menus  are  one  level  deep  for  simplicity.  Menu  entries  may  be  selected  from  the  main 
menu  (see  Figure  2.1)  by  any  of  four  different  ways.  The  function  keys  Fl-  FlO  can  im¬ 
mediately  select  the  corresponding  option.  The  k^s  1-9  are  mapped  to  the  corresponding 
function  keys  with  0  mapped  to  FlO.  Therefore,  the  keys  1-9,0  work  the  same  as  the  function 
keys.  Another  method  is  to  simply  to  use  the  arrow  keys  to  highlight  the  desired  option  and 
then  press  enter.  The  final  method  is  to  move  the  mouse  up  or  down  to  highlight  the  desired 
option  and  press  enter  or  the  left  mouse  button.  The  left  mouse  button  is  always  mapped 
to  the  enter  key.  To  regain  the  mun  menu  simply  press  escape.  The  right  mouse  button  is 
always  mapped  to  the  escape  key. 
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The  Parameters  Menu 


3.1  Overview 

The  parameters  menu  is  where  the  information  for  each  run  is  entered  (see  Figure  3.1). 
Entering  information  can  be  accomplished  by  moving  the  highlighted  area  over  the  parameter 
you  wish  to  change.  Typing  the  entry  will  cause  an  input  window  to  appear  so  that  you  can 
see  and  edit  your  value  as  you  enter  it.  The  backspace  key  can  be  used  to  correct  errors. 
Press  the  enter  key  to  end  the  entry.  If  the  value  is  out  of  range  or  has  an  error,  the  input 
window  will  automatically  reappear  and  a  new  input  is  required.  The  escape  k^  will  not 
work  from  any  input  frame. 

The  sensitive  volume  is  a  parallelpiped  nested  within  a  larger  parallelpiped,  the  outer 
volume.  The  dimensions  of  the  sensitive  volume  and  the  outer  volxune  are  set  using  the 
parameters  menu.  It  is  possible  to  enter  dimensions  which  physically  cannot  exist.  When 
this  occurs  a  star  appears  to  the  left  of  dimensions  which  have  the  error.  For  example  (see 
Figure  3.2),  if  a  sensitive  volume  thickness  of  bfita  is  chosen,  an  offset  from  the  top  of  the 
outer  surface  of  4/im  is  chosen  and  a  total  outer  thickness  of  8pm  is  chosen  then  all  the 
thickness  dimensions  will  be  flagged  as  having  an  error.  The  total  outer  dimension  must 
always  be  larger  than  the  sensitive  dimension  plus  it’s  assodated  offset  dimension.  It  is 
possible  to  save  parameters  which  are  not  physically  possible  and  eventually  nm  them.  The 
only  safeguard  against  these  types  of  errors  is  that  they  are  flagged  when  entered. 

Our  experience  has  been  that  an  offset  dimension  of  4pm  is  a  useful  compromise  between 
accuracy  of  calculation  and  computer  time.  A  nuclear  recoil  may  enter  the  sensitive  volunoe 
from  outside  the  sensitive  volume  and  dep<»it  energy  inside  the  sensitive  volume.  Four 
microns  of  surrounding  material  around  the  sensitive  volume  is  usually  suffident  for  capturing 
there  recoils  from  outside  the  sensitive  volunoe  that  enter  the  sensitive  volume  and  dq>osit 
large  amounts  of  energy. 

The  easiest  way  to  set  the  dimensions  is  to  enter  in  the  sensitive  volunoe  dimensions  and 
go  to  the  outer  dimensions  and  press  “c”  or  **0”',  the  offset  dimensions  are  automatically  set 
to  4pm  as  a  default.  This  will  select  an  outer  volume  dimensions  and  center  the  sensitive 
volume  in  the  outer  volume.  The  centering  hot  key  noay  also  be  used  to  select  the  offset 
dimensions.  The  centering  hot  key  is  not  active  on  the  sensitive  volume  dinoensions. 
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Figure  3.2;  The  Prameters  menu  vrith  an  error. 
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3.2  Specific  operation 

The  following  subsections  give  the  information  needed  for  each  parameter  entry. 


3.2.1  Proton  energy 

The  proton  energy  is  the  energy  of  the  incident  proton.  The  proton  energy  is  limited  to 
positive  energies  and  energies  less  than  or  equal  to  400  MeV.  The  purpose  for  the  400  Mev 
limit  is  because  pion  interactions  above  that  energy  are  not  included  in  the  code.  (If  you 
wish  to  extend  your  calculations  above  400  MeV  please  contact  us.)  The  proton  energy  m\ist 
be  entered  in  a  integer  form. 

0  <  Proton  energy  <  400  (Integer) 


3.2.2  Output  energy  interval 

The  output  data  file  is  split  into  100  channels.  Each  channel  is  the  cross  section  for  at  least 
that  channel’s  energy  being  deposited.  The  output  energy  interval  times  100  is  the  largest 
energy  deposited  CUPID  can  record.  The  output  energy  interval  is  limited  to  positive  values 
less  than  or  equal  to  4. 


0  <  Output  energy  interval  <  4  (Real) 


3.2.3  Number  of  iterations 

The  number  of  iterations  is  proportional  to  the  number  of  protons  incident  on  the  large 
volume.  For  volumes  typical  of  microelectronics  5,000,000  iterations  usaully  yields  reasonable 
statistics.  The  number  of  iterations  should  not  be  confused  with  the  number  of  incident 
protons  or  the  number  of  interactions.  It  is  an  intermediate  between  the  two  values.  A 
25Mhz  486DX  machine  processes  about  2,000,000  iterations  per  hour.  A  33Mhz  386DX  with 
a  Weitek  3167  processes  about  1,700,000  iterations  per  hour.  A  25Mhz  368DX  with  a  Intel 
387  processes  only  about  600,000  iterations  per  hour.  More  benchmarks  are  available  upon 
request.  The  number  of  iterations  must  be  a  positive  integer  less  than  4  billion.  (I  do  not 
recommend  attempting  4  billion  iterations.) 

0  <  Number  of  iterations  4  biUion  (Integer) 

3.2.4  Volume  dimensions 

The  only  limitation  on  the  volume  dimensions  is  that  they  be  greater  than  zero,  except 
for  the  offset  dimensions  which  may  be  set  to  zero.  Dimen^.ions  less  than  O.OOlpm  are  not 
displayed  on  the  parameters  menu  screen.  CUPID  does  not  work  well  with  small  dimensions. 
Therefore  the  resolution  of  the  I/O  routine  is  better  than  the  CUPID  code  can  handle. 

0  <  Volume  Dimension  (Real) 
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Other  Main  Menu  Options 


4.1  Target  Volume 

The  second  entry  on  the  main  menu  allows  the  user  to  get  a  rough  view  of  the  target 
volume.  CUPID  assumes  all  proton  are  incident  horn  the  topof  the  larger  cube.  This  view 
is  a  simplified  view  (see  Figure  4.1).  The  thickness  dimension  is  in  the  verticle  direction, 
the  width  dimension  is  in  the  horizontal  direction,  and  the  length  dimension  is  in  the  depth 
of  the  screen.  This  view  is  a  basic  othrographic  representation  of  the  target  volume.  The 
sizes  observed  are  only  relative  sizes.  This  option  is  provided  to  give  a  quick  check  of  desired 
volume.  If  the  dimensions  selected  are  physically  impossible  this  view  will  clearly  show  it. 
To  exit  back  to  the  main  menu  simply  press  escape. 


4.2  Saving  parameters 

This  menu  option  is  provided  so  that  the  user  may  save  the  information  entered  on  the 
parameters  screen.  When  this  option  is  selected  all  the  files  with  the  “.INP”  extension  are 
displayed  on  the  screen  (see  Figure  4.2).  These  files  are  in  alphabetical  order.  To  save  the 
current  information  on  the  parameters  screen  in  an  existing  file  simply  move  the  cursor  over 
the  file  name  and  press  enter.  To  save  the  information  on  the  parameters  screen  to  new  non¬ 
existing  file  simply  press  the  space  bar  and  an  input  window  will  appear.  Any  valid  DOS  file 
name  may  be  entered;  only  the  8-character  is  used  (see  Section  5.1).  If  there  are  more  files 
than  the  screen  can  hold  you  may  simply  scroll  to  them.  The  arrow,  Home,  End,  PgUp  and 
PgDn  keys  are  all  active  for  aiding  movement  around  the  file  names.  The  I/O  routine  can 
handle  up  2048  file  names,  but  it  cannot  locate  the  2049  input  file.  This  limitation  should 
not  be  a  problem. 


4.3  .  Loading  parameters 

This  menu  option  is  provided  so  that  the  user  may  load  input  files  which  have  already  been 
created  and  saved.  This  option  allows  the  user  to  modify  an  existing  file.  When  this  option 
is  selected  all  the  files  with  the  extension  *‘.INP’*  will  appear  on  the  screen  (see  Figure  4.2). 
To  bad  a  desired  file  simply  move  the  cursor  over  the  desired  file  and  pressjenter.  If  thoe  are 
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Figure  4,1.  The  Target  Volume. 
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Figure  4.2.  Example  file  screen. 
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Press  one  of  the  following  keys: 
Press  A  -  append  current  run 
Press  N  ^  start  a  new  run 
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Figure  4.3.  Run  selection  screen. 

no  input  files  in  the  directory  the  main  menu  will  just  stay  on  the  screen.  If  there  are  more 
files  than  the  screen  can  hold  you  may  simply  scroll  to  them.  The  arrow,  Home,  End,  PgUp 
and  PgDn  keys  are  all  active  for  aiding  movement  around  the  file  nanaes.  The  I/O  routine 
can  handle  up  2048  file  names,  but  it  cannot  locate  the  2049  input  file.  This  limitation 
should  not  be  a  problem. 


4.4  Running  the  CUPID  code 

The  I/O  routine  builds  a  file  called  CUPID  .IDT  which  establishes  the  number  of  files  to  be 
run  and  the  associated  file  names  for  each  run.  This  menu  option  allows  the  user  to  select 
which  of  the  input  files  are  to  be  run.  When  this  option  is  selected  all  the  files  with  the 
“.INP”  extension  will  appear  on  the  screen.  To  select  a  file  for  a  run  simply  move  to  that 
file  and  press  enter.  A  set  of  asterisks  will  appear  in  front  of  that  file  name  to  mark  that  this 
file  has  been  selected  (see  Figure  4.3);  note  files  with  asterisks.  To  deselect  the  file  simply 
highlight  the  file  and  press  enter.  Once  all  your  files  have  been  selected  simply  escape  back 
to  the  main  menu.  Pressing  escape  cause  the  input  window  in  figure  4.3  to  appear.  There 
are  two  options:  one,  press  “n”  or  “N”  to  start  a  new  run.  This  option  erases  the  current 
CUPID.IDT  file  and  places  only  the  new  files  selected  in  CUPID.IDT.  The  second  option  is 
to  press  “a”  or  “A”.  This  option  places  all  the  selected  files  on  the  bottom  of  CUPID.IDT. 
This  aUows  the  user  to  select  files  from  several  different  directories.  If  you  enter  this  menu 
option  by  mistake  and  do  not  wish  to  change  the  CUPID.IDT  file  simply  deselect  all  files 
which  may  have  been  selected  and  press  escape.  It  is  possible  to  have  that  more  ".INP'’  files 
than  the  screen  can  hold.  To  access  files  not  on  the  screen  simply  scroll  to  them.  The  arrow, 
Home,  End,  PgUp  and  PgDn  keys  are  all  active  for  moving  around  the  file  names.  The  I/O 
routine  can  handle  up  2048  file  names,  it  cannot  locate  the  2049  input  file.  When  the  run 
is  completed,  the  output  is  placed  in  a  file  with  the  same  name,  but  with  a  ".OUT”  as  an 
extension. 
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File  ••RH65042" 

Proton  Energy  *148  MeV 
Humber  of  Iterations  10000000 
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Figure  4.4.  Example  output  printed  on  screen. 


4.5  Loading  an  output  file 

This  option  is  exactly  like  loading  parameter  files  with  one  exception.  The  exception  is  that 
“.OUT”  files  are  loaded  instead  of  “.INP”  files.  This  allows  the  user  to  view  and  print  out 
the  results  of  a  run  at  will. 


4.6  List  output 

Once  an  output  file  has  been  selected  the  user  may  look  directly  at  the  numbers  in  the  output 
file  (see  Figure  4.4).  The  arrow,  home,  end,  PgUp,  and  PgDn  keys  are  all  active  so  that  you 
may  scroll  through  the  numbers.  To  exit  back  to  the  main  menu  press  the  escape  key. 


4.7  Graph  output 

Once  an  output  file  has  been  selected  the  user  may  look  at  a  graph  of  the  numbers  on  the 
screen  (see  Figure  4.5).  There  are  no  user  changeable  parameters  on  the  graph.  To  exit  back 
to  the  main  menu  press  the  escape  key. 


4.8  Make  X-Y  data  file 

Once  an  output  file  is  selected  the  user  may  make  an  X-Y  data  file.  This  is  simply  done 
by  selecting  the  option.  The  screen  never  leaves  the  main  menu.  The  only  indication  that 
the  file  was  created  is  that  your  hard  drive  light  turned  on.  When  this  option  is  selected  a 
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Figure  4.5.  Example  output  graphed  on  screen. 

partial  image  of  the  output  file  is  copied  to  the  current  directory  under  the  same  name  with 
a  ".DAT”  extension  (see  5.1).  This  image  file  has  to  columns  of  numbers.  The  first  colunm  is 
the  energy.  The  second  colunm  is  the  cross  section  of  depositing  at  least  the  energy  indicated 
in  the  first  column.  This  option  is  provided  because  most  graphing  software  excepts  this 
format. 


4.9  Printing  the  output 

Once  an  output  file  is  selected  this  option  allows  the  user  to  print  the  output.  When  sdected 
the  screen  in  figure  4.6  appears.  This  just  manually  checks  to  see  if  a  printer  is  hooked  up 
to  LPTl.  The  output  is  similar  to  directly  viewing  the  number  on  the  screen.  This  option 
automatically  returns  to  the  main  menu  after  printing. 
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1 .  Enter-Edit  Parueters 

2.  Look  at  Target  Volume 

3.  Save  Parameters  to  Disk 

Press  one  of  the  following  keys: 
Press  Y  -  you  have  a  printer 
Press  N  -  no  active  printer 

8.  Look  at  Graph  of  Output 

9.  Make  X-y  Data  File 

10.  Print  Output  to  Printer 


Figure  4.6.  Printing  Screen. 
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Chapter  5 


Miscellaneous 


5.1  File  name  and  directory  conventions. 

There  are  three  file  name  conventions.  The  input  files  always  have  an  extension  of  “.INP”. 
An  input  file  contains  the  dimensional  information  and  other  information  ptertaining  to  one 
particular  run.  The  output  files  always  have  an  extension  ‘^.OUT”.  The  output  file  contains 
the  data  of  the  corresponding  input  file.  The  forename  of  an  output  file  is  the  same  forename 
AS  the  corresponding  input  file.  X-Y  data  files  can  be  created  from  output  files.  These  X-Y 
data  files  always  have  the  extension  ".DAT”  and  the  forename  is  the  same  as  the  output  file 
which  was  used  to  create  it.  A  X-Y  data  file  is  a  file  of  two  columns  of  numbers  in  ASCII 
format.  The  first  column  is  the  energy  in  MeV.  The  second  column  is  the  cross  section  of 
that  energy  or  greater  being  deposited  in  the  sensitive  volume.  The  X-Y  data  file  option  was 
added  to  give  the  user  a  file  format  which  most  graphing  software  readily  excepts.  Therefore 
a  particular  run  may  have  three  files  associated  with  it.  The  forename  on  all  three  files  are 
the  same  and  the  extensions  indicate  what  information  is  contained  in  the  file. 

The  CUPID  I/O  routines  can  access  files  from  any  directory  of  the  installed  disk.  Why 
change  directories?  This  allows  the  user  to  separate  files  on  any  criteria.  For  example, 
information  about  SOI  devices  may  be  in  one  directory  while  bulk  CMOS  in  another.  To 
change  directories  simply  press  "d”  or  "D”  and  a  special  directory  screen  will  appear  (see 
Figure  5.1).  Then  simply  move  to  the  desired  selection  and  press  enter.  The  "root”  directory 


ROOT  BACK_ONE  ACAD 

DRll  FORTRAN  GRAPHER 

WINDOWS  WP51  XTALK 


AXUM  BIN  BORLANDC 

PCTEX  PROCOMM  QB45 


CUPID  DOS 

TP  USERS 


Figure  5.1:  Directory  Screen 
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option  will  change  the  directory  to  the  root  option  similar  to  the  DOS  command  “cdX” .  The 
“back  one'’  option  will  change  the  directory  back  one  level  similar  to  the  DOS  command 
“cd..”. 


5.2  About  the  mouse. 

A  Microsoft  or  Logitech  mouse  have  demonstrated  to  work  fine  with  the  I/O  routine.  Any 
Microsoft  compatible  mouse  should  work  without  c'fficulty.  The  left  key  is  always  mapped 
to  the  enter  key  and  the  right  key  is  always  mapped  to  the  escape  key.  The  movement  of 
the  mouse  is  mapped  to  the  arrow  keys.  In  the  absence  of  a  mouse,  the  I/O  routines  work 
with  the  keyboard. 


5.3  Changing  the  colors. 

To  change  the  foreground  color  simply  press  “z”  or  “Z”.  The  background  color  is  always  a 
compliment  of  the  selected  foreground  color.  The  color  maybe  changed  and  saved  from  any 
screen. 


5.4  Saving  the  colors. 

To  save  the  current  color  set  as  the  default  color  set  simply  press  “s”  or  “S".  The  default 
color  is  the  color  which  the  I/O  routine  start  with. 

5.5  CUPID.BAT 

The  CUPID.BAT  file  is  a  DOS  batch  file  which  runs  the  I/O  routne  and  then  the  main 
CUPID  code.  If  you  wish  just  to  run  the  I/O  routine  type  CUPIDIO  and  press  the  enter 
key  (from  the  installed  directory).  Thb  may  be  conventient  to  do  when  analyzing  a  just 
completed  nm.  If  you  wish  to  run  the  just  the  msun  CUPID  code  type  CUPIDF  and  press 
the  enter  key.  The  expeienced  DOS  user  may  find  several  easy  shortcuts  around  the  I/O 
routines. 


5.6  Computer  Requirements 

-  486,  386,  or  386SX  MICROCOMPUTER  with  a  DOS  operating  system 

-  2  MEGABYTES  OF  RAM 

-  CGA,  EGA,  VGA,  or  Hercules  VIDEO  SYSTEM 

-  MATH  COPROCESSOR  (not  required  with  a  486  system) 

80387  or  COMPATIBLE  COPROCESSOR 
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3167  WEITEK  COPROCESSOR 

COPROCESSOR  TYPE  MUST  BE  SPECIFIED  WHEN  ORDERING 

5.7  Cost 

The  price  of  $2,495.00  covers  our  costs  for  license  fees,  future  updates,  and  maintenance  of 
the  CUPID  code. 


5.8  Problems  or  Comments 

If  you  have  any  questions  or  comments  concerning  these  programs  please  contact: 

Peter  J.  McNulty 
or 

David  Roth 

Department  of  Physics  and  Astronomy 
Clemson  University 
Clemson,  SC  20634-1911 
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